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‘Ir.is-  report  summarizes  a  research  on  phase  transformations  induced  by  the 
application  of  high  pressure  in  Ti,  Ti-Mo  and  Ti-V  alloys.  The  relationship 
of  microstructure,  studied  by  TEM  and  quantitative  X-ray  diffraction  analysis 
with  mechanical  properties  and  superconductive  properties  was  found. 

The  Effect  of  alloying  and  pressurizing  on  phase  stability  correlates  with 
changes  in  basic  physical  properties  of  phases. 
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Abstract 


Changes  in  crystal  structure  induced  by  the  application  of  high 
pressure  up  to  9.2  GPa  (92  kbar)  at  300  K  were  studied  in  metastable  Ti-Mo 
and  Ti-V  alloys  in  wide  concentration  range  by  transmission  electron  micro¬ 
scopy  and  were  correlated  with  the  results  of  quantitative  X-ray  diffraction 
analysis.  The  high  pressure  treatment  causes  formation  of  new  various 
structures.  The  amount  of  u.'  phase  that  remains  after  the  pressure  is 
released  is  significantly  larger  than  that  which  is  obtained  after  quenching. 

As  a  result  of  that  substantial  changes  in  mechanical  properties  of  the 
alloys  takes  place. 

AnoirAV>us  increasing  of  the  critical  temperature  to  superconductivity  T^ 
was  observed  in  Ti-Mo  alloys  under  pressure.  An  attempt  is  made  to  correlate 
the  effects  of  alloying  and  pressurizing  on  phase  stability  with  changes  in 
basic  physical  properties  of  phases. 
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! -  Introduction 

It  Is  well  known  that  the  structure  and  properties  of  solids  can  be 
f  ont  rolled  by  changing  their  composition  and  by  thermodynamic  parameters  such 
as  temperature,  pressure  (volume)  and  electromagnetic  fields.  At  present, 
much  data  is  available  on  the  influences  of  composition  and  of  temperature 
on  the  structure  and  properties  of  materials:  but  due  to  the  many  technical 
difficulties  involved,  a  pressure  parameter  has  not  yet  been  adopted  widely 
lot  the  purpose  of  influencing  structure  and  properties. 

Among  many  metallic  materials  Ti  and  Ti  alloys  have  an  increasing 
industrial  significance  as  constructional  and  superconductive  materials.  These 
r.  .t.erials  exist  basically  In  the  following  crystal  structures:  6-(b.c.c.), 
d-h  ;.p.,  ot’-ti.c.p.  martensite  and  w-hexagonal .  It  has  been  reported  that 
under  1.  i  static  [1-6]  and  shock  pressure  [7-10]  a*u)  and  0-no  transformations 
occur  Tire  presence  of  the  a)  phase  results  in  a  substantial  increase  of 
Young's  modulus,  tensile  strength  and  hardness  [11-13]  but  it  is  also  accompanied 
a;,  i  .-ns loeranle  brittleness.  When  Ti-alloys  are  used  as  superconductors,  the 
uppr.i'-  .nee  of  the  ..  phase  during  heat  treatment  results  in  a  remarkable 
tni  i.  omsnt  ot  the  current  capacity  [14-19]  that  provides  wide  possibilities  of 
app’t.  aiion  in  modern  technology.  The  mechanisms  ol  and  especially  a+u) 

t ran&rcr maL i  ,ns  .-re  nor  completely  understood .  The  effect  of  high  pressure  on 
phase  equilibria  and  properties  ol  Ti(Zr,  uid  its  alloys  is  still  not 
Sufi  l:  lentiy  investigated,  for  many  years  only  two  papers  on  high  pressure 
induced  phase  transformation  in  Ti-alloys  are  known  :  one  is  concerning  the 
Ti-Nt-alioys  [20]  and  the  other  concerning  the  Ti-Mo-alioys  behaviour  after 
shock  loading  [9], 

The  appearance  of  u  phase  in  certain  Ti  alloys  is  possible  since  in 
these  materials  the  thermodynamic  characteristics  of  a,  a’,  3  and  u  are  very 
similar-  Under  favourable  conditions  the  existence  of  the  u)  phase,  at 
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atmospheric  pressure,  may  be  energetically  mare  advantageous  that  either 
the  a(a')  or  8  phases.  Such  conditions  may  be  created  by  changing  the  con¬ 
centration,  pressure  (stress  field)  and  temperature.  The  structures  of 
Tl-alloys  are  highly  sensitive  tc  any  changes  in  the  above  parameters,  which 
affect  strongly  their  properties. 

It  is  a  well  accepted  idea  that  there  is  a  certain  analogy  between  the 
influence  of  the  basic  properties  of  the  alloying  elements  (atomic  radii  and 
cl-arge,  position  in  Periodic  Chart,  etc.)  and  that  of  high  pressure. 

This  study  tried  to  solve  a  few  mutually  related  problems.  First,  to 
establish  the  kind  of  structural  changes  induced  by  the  high  pressure  soakipg 
in  8  (her)  iscmorphcus  Ti-based  alloys  with  different  initial  crystal  structures. 
Second,  to  compare  the  influence  of  both  high  pressure  and  alloying  on  the 
stability  of  various  metastable  phases  and  mechanical  properties  of  alloys  in 
various  structural  states.  Third,  to  try  to  explain  the  observed  regularity 
between  the  applied  pressure  and  alloying  using  the  detailed  data  of  the 
physical  properties:  Debye  temperature,  0^ ,  Fermi  density  of  states  n(Ep) , 
elastic  constants  etc.  The  Ti-V  and  Ti-Mo  systems  were  chosen  for  the  following 
i casons : 

a)  In  both  systems  a  sequence  of  metastable  phases  easily  appears  upon  quench¬ 
ing  from  the  8(bcc)  lieid,  and  the  appearance  of  any  particular  structure  depends 
on  the  Mo  or  V  content.  The  8  isomorphous  metastable  phase  diagram  can  be 
subdivided  into  three  regions  according  to  the  different  phases  which  can  occur. 
In  the  first  region  8(bc.c)  can  transform  to  a  martensitic  (a' -hep  or 
a"-or t horhombic) .  In  the  second  region  8  can  partially  decompose  to  the  omega 
phase  with  an  hexagonal  structure.  The  8  is  retained  on  cooling  to  room 
temperature  In  a  region  with  a  higher  solute  content  (Mo>15  at.%  and  V>20  at.%). 
At  the  boundary  between  the  first  and  the  second  region,  in  a  narrow  range  of 
solute  (V  and  Mo)  concentration,  a  sequence  of  all  these  metastable  phases 
a' for  a")  +  gj  (hexagonal)  can  appear. 
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b)  Vanadium  and  molybdenum  represent  opposite  examples  of  solute  elements.  In 
the  Periodic  Table  of  elements  vanadium  is  next  to  titanium  :  therefore  the 
"rigid  band"  model  of  electronic  structure  can  be  successfully  applied  in 

Ti-V  alloys.  Molybdenum  is  located  far  away  from  Ti  in  the  Periodic  Table 
and  the  "rigid  band"  model  is  not  applicable  in  this  case. 

c)  The  atomic  radii  of  the  solute  elements  (Mo  and  V)  are  smaller,  therefore 
their  valency  electron  concentrations  are  bigger  than  that  of  Ti.  Alloying  of 
Ti  with  Mo  or  V  could  be  regarded  analogous  to  the  application  of  high  pressure, 
since  both  of  them  will  diminish  the  mean  atomic  volume  and  increase  the 
valence  electron  concentration  ng.  However,  there  is  an  important  difference 

in  trie  atomic  radius  (r  ) ,  the  number  of  valency  electrons  (n  )  and  atomic 

at  6 

weight  (A)  of  those  elements: 


Mo  ,  ,  V  c  .  Ti  . .  Mo  i  on  ?  u  ^  V  ,  j  ,  Ti  , 

n  =6  but  n  =5  (n  =4) ,  r  .  =1.39  A  but  r  .  =1.34  A  (r  =1.47), 

e  e  e  ’at  at  at  ’ 

a^-50.92,  AMo=95.94  (AT1=47.90).  Thus  the  response  of  Ti-Mo  and  Ti-V  systems 

to  high  pressure  should  be  different. 

In  the  /'Ippendix,  the  data  on  anomalous  behaviour  of  critical  temperature 
to  superconductivity  under  pressure  in  Ti-Mo  alloys  will  be  reported.  This 
d.ura  is  very  rough  and  only  qualitative  analysis  will  be  done  taking  into  account 
the  results  on  structural  changes  obtained  in  previous  parts  of  the  present 
work. 


2 ,  Calculations  of  the  metastable  diffusionless  equilibria  in  Ti-Mo  and  Ti-V 
systems  under  high  pressure  conditions  [21]. 

This  section  presents  the  results  on  the  construction  of  the  metastable 

I 

diffusionless  equilibria  diagrams  in  the  Ti-Mo  and  Tl-V  systems.  The  regular 
solution  using  a  thermodynamic  approach  developed  by  L.  Kaufman  will  be  used 
[l 2,23],  For  regular  solutions  the  equations  for  calculating  the  driving 


force  take  the  form: 


7 


AFTi-Me[r’P,xl  =  AFTi-MelT>x]  +  23‘9P  Av^JfT,P,x] 


(1) 


where  AF*  3[P,T,x]  in  (cal/g-atom)  is  the  difference  in  free  energy  between 
phase  i  and  j  and  AF1  -  [T,x]  is  given  by: 

AF 1' i --Me  1 1  ’ x ]  =  U-x)  ^iJlT]  +  xAFMeJ[T]  + 


(2) 


where  the  I i  concentration  in  the  solid  solution  is  (1-x),  the  solute  (Me)  con- 

1“*"]  i  i 

tent  rat  ion  is  x  and  AF^  J  -  F  is  the  difference  in  the  free  energy  of 

mixing  between  che  i  and  j  phases,  The  designation  i~*  j  can  represent  transitions 
between  all  the  metastab le  phases  (u,  fi,  and  to)  which  occur  in  Ti-V  and  Ti-Mo 

^ ' '  S  1  0'Ti • 

•o  .  a.putc  the  d i f i usioni ess  metasrable  phase  diagrams  for  these  systems 
and-'  isobar  :r  /  isothermal  modi  r  inns,  the  free  energies  of  all  the  metastable 
p-  >es  t.hi-b  exist  in  both  systems  must  he  defined. 

•  n  tlie  regular  solution  model  the  excess  free  energy  of  mixing  of  the 
di . tetent  Phases  is  given  ty  (2d): 

o 

(3) 
(M 
(5) 

In  the  case  at  hand  an  approximation  is  made  by  sotting: 

’T.01  r  x(L-x)A  (6) 

Kc  •  x(l-x)B  (7) 

:-,.u  =  >:fl-x)  W  (8) 


a  0 

!  t.  -  ::  <  ! -x)  i  A  +  \  x  +  A0x  4  — ) 
r  0  l  z 


'K  "l  -*)  (B0  t  H  B^x  s  --) 


.!  .  -x)  '  -r  W^x  4  4  — 1 


where  the  interaction  parameters  A,  1;  -nd  W  are  all  temperature  independent. 

The  interaction  parameters  in  the  R  and  u  phases  were  estimated  by 
Kautman  [22]  for  Ti-Mo  and  Ti-V  systems  using  the  enthalpies  of  vaporization,  the 
molar  volume  and  the  group  numbers  of  the  components.  The  values  of  the  inter¬ 
action  parameters  A  and  B  for  the  two  systems  are: 
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A  (cal /mole) 


ri-Mo 

Ti-V 


367  1 
2659 


B  (cal/mole) 

1241 

2659 


Unf or tunatelv ,  the  value  ol  the  interaction  parameter  W  for  the  w  phase  is  not 


k  nown . 


By  equilibration  ol  partial  free  energies  [23]  the  interaction  parameters  A 


ana  R  can  be  calculated  using  the  relations 

t,  .ft  1-xc  o  2 

.'F'l  r  +  RT  In  - - £  =  x~A  -  x,B 

Ti  1-x  a  |3 

a 


(9) 


.1  ft  2  7 

,1FU  +  R'l  In  — )  a  -  (l-x„)'B 
Mo  x  8 

a 


(10) 


where  x^  and  x^  are  the  atomic  tractions  of  solute  Me  at  the  boundaries  at  a  given 

temperature,  l'o  detine  the  dependence  of  A  and  B  as  a  function  of  temperature  it 

is  necessary  to  know  the  dependence  of  and  as  a  function  of  temperature.  In 

rive  cose  of  fi-Mo  and  Ti-V  system  the  value  of  x  and  xn  are  not  known  very 

a  3 

accurately  below  the  8/3?C,  Moreover  the  coefficient  of  A  in  eq.  (9)  is  small  for 
both  systems  and  tnis  can  lead  to  a  large  error  in  solving  the  equations  for  thos 

p  i  I  Site  lets 

The  free  energy  changes  a.  company  mg  the  8*u-  and  transformations 

in  r.he  pure  elements  [Ti,V,Mo]  ate  given  as  [22]r 


c  *t 

>  1^ 

il 

-  1050  -  09>  r 

(ID 

=  690  -  Oh 99  T 

(12) 

jJ  ‘  J 

,'1 

=  -3b0  -  0.08  T 

(13) 

d  ♦h 

1  Mo 

~  -2000  cal/mole 

(14) 

AF.  l<  ’  J  = 

1500  -r  0  8  T 

(15) 

m 
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The  value  of  Al\ 


or  AK. 


‘Mo  “'Mo  a‘d  wFV  “‘V 

experimentally  or  calculated  to  date.  By  using  equations  (1)  and  (2)  in 

combination  with  the  known  value  oi  the  differences  in  the  free  energy  for  the 

pure  elements  between  phases  of  interest  it  is  possible  to  compute  the 


"w 


or  AF, 


have  not  been  estimated 


PQ-x  and  Tq~x  diagrams  under  isothermal  and  isobar ic  conditions. 


Analysis  of  che  ra.d.e.  diagrams  (metastable  diffusionless  equilibria  diagrams) 

.an  be  performed  bv  noting  that  the  V  -x  and  P  -x  lines  do  not  show  the  actual 

o  o 

value  of  r  tie  temperature  or  pressure  at  which  the  given  alloy  undergoes  trans- 
f  'relations.  These  curves  correspond  ro  AF1  -  0.  As  an  approximation  T  and/or 
['■  is  taxen  to  he  the  average  between  the  forward  and  reverse  transformations. 

o  i 

;:.eieforfc.  experimentally  T  is  usually  estimated  as 
r0  -  1/2  [  1  ^  l-  Ag^1]  and  PQ  =  1/2  [Pg1>j  +  P^3"1] 

In  the  Ti-Mo  system  the  free  energy  equations  have  the  form: 


=  (1-xl  (-1050+0.91  D  +  2000  x  +  x(l-x)  [A-B]  +  23. 9P  AV"^  (16) 

.  =  (1-x)  (-690+0.99!)  +  +  x(L-x)  fW-Bj  +  23.9P  (17) 

A  *'v  -  (l-x)  Of.0i-0.08T)  +  xAF^'!  -r  x(l-x)lW-A)  +  23-91*  AVa^  (18) 

S  c,-.. i  i  -  >.t  1  .  n  .->i  t  lie  Interaction  parameters  A  and  B  estimated  by  K-autman  into 

■)  in  it  T“  '  *  '<00F  vields  a  value  of  x  -  0 , 16  for  the  atomic  fraction  of  Mo 

/Sere  AF  -  0  Al cernntivelv  one  can  u;e  eqs.  9  end  10  to  recalculate  A  and  B 

:  iking  into  a. count  tiiat  for  the  Ti-Mo  system  and  are  well  known  [29]  at 

1  -  ')  "3  K  (x  -  0  003  and  x,,  =  0.31).  This  yields  the  interaction  parameter 

I'.ui.cs  \  -  7500  cal  /r.  atom  and  B  =  3100  cal./g.  atom  which  are  more  positive 

i  l.un  'hose  previously  estirastea  {22].  Substitution  o!  those  values  in  eq ,  16 

oi  =  300K  yields  x  =  0.11  which  is  a  mere  acceptable  value  i or  the  ,u*f  T 

■s-  x  curve  and  in  better  accordance  with  M^  experimental  data  [25],  These 

3  *Q. 

parameters  fix  the  form  of  AF  [T,x]  at.  atmospheric  pressure  as, 
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AFfc*a[T,x]  =  (1-x) (-1050+0. 91 T ]  +  2000x  +  x(l-x) [ 7500-3100]  (19) 

or  for  low  concentration  i.e.  where  x(1-x)-*tc 

-F!:”afT,x]  =  (1-x)  (-1050+0, 91.T)  +  6400x  cal/g.atom  (20) 

At  atmospheric  pressure  the  free  energy  difference  equations  for  the  pro 
transition  is  given  by: 

aK***'"!  r,x]  =  (1-x)  (-690+0. 99T)  +  x  AF^  +  [W-B]  x  (1-x) 
at  low  solute  levels  x(l-x)-*-x  yielding: 

’l0|T,x  j  =  (1-x)  (-690+0. 99T)  +  x [  AF^+W-B ]  (21) 

oiiv.e  the  one  atmosphere,  Tn  =  300K,  upper  limit  for  S->u>  transition  occurs  at 

u 

S+o 

:<  =  1 6  -  L  7  :•  t  Z  Mo  (13,  i.  4 )  then  setting  the  driving  force  AF*'  [T,x]  =  0  under  these 
onuitrons  yields 

;I'Mr *■  +  [W-B]  =  2000  cal/g.atom  (22) 

With  this  assumption 

A F [  T , x J  =  (1-x)  [-690+0.991]  +  2000x  cal/g.atom  (23) 

T’u-  driving  *  tree  for  '<  •*•„>  transition  can  be  directly  obtained  by  subtracting 
eq ■  (2)  from  (23)  yielding 

At'1  ( 1 ,  x  ]  -  (i -x)  (360+0 . 081)  -  A1':  00  A'  cal/g.atom  (24) 

equal ' ons  (20),  (33)  and  (24)  which  describe  the  one  atmosphere  relative  stability 
of  x,  !?  and  u  phaset  tor  diffusionless  transformations  can  be  used  to  compute 
•  he  rf-\  diagram  at  atmospheric  pressure.  This  f^-x  diagram  for  the  Ti-Mo  system 
is  shown  in  Fig.l.  The  dashed  region  in  this  diagram  represents  the  region  of 
the  metastable  .a  phase. 

In  order  to  calculate  the  P^-x  metastable  diagram  T^  =  300K  the  values 
of  AV  1  (P,x)  the  difference  in  the  molar  volume  between  a,P  or  c  phase  pairs 

as  a  tunction  of  pressure  and  solute  concentration  must  be  known.  The  dependence 

a  p  u) 

of  V  ,  V  ,  as  a  function  of  the  applied  pressure  was  not  measured  experimental  1 v 
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AFb’a(T,x]  =  (1-x) [-1050+0. 91T]  +  2000x  +  x(l-x) [ 7500-3100 ]  (19) 

or  lot  low  concentration  i.e.  where  x(l-x)-*x 

IF^fT.x]  =  (1-x)  (-1050+0, 91T)  +  6400x  cal/g.atom  (20) 

At  atmospheric  pressure  the  free  energy  difference  equations  for  the  3 -no 
transition  is  given  by: 

APb  *^1  T,x]  =  (1-x)  (-690+0, 99T)  +  x  AF^  +  [W-B]  x  (1-x) 
at  low  solute  levels  x(l-x)-*x  yielding: 

=  (1-x)  (-690+0. 99T)  +  x[AF^+W-B]  (21) 

oitv.e  the  one  atmosphere,  T_  =  30JK,  upper  limit  for  8~Ho  transition  occurs  at 
■<  =  16-17  1 1 Z  Mo  (13,14)  then  setting  the  driving  force  AF"  [T,x]  =  0  under  these 
■onditrons  yields 

+  [W-B)  =  2000  cal/g.atom  (22) 

With  this  assumption 

AF^fT.xJ  =  (1-x)  [-690+0. 99TJ  +  2000x  cal/g.atom  (23) 

The  driving  force  for  oi-nu  transition  can  be  directly  obtained  by  subtracting 
eq.  (2)  from  (23)  yielding 

AFa^IT,x)  =  (1-x)  (360+0. 08T)  -  4400X  cal/g.atom  (24) 

Equations  (20),  (23)  and  (24)  which  describe  the  one  atmosphere  relative  stability 
of  a,  (Z  and  phases  tor  di f fusionl ess  transformations  can  be  used  to  compute 
the  rfj-x  diagram  at  atmospheric  pressure.  This  Tq~x  diagram  for  the  Ti-Mo  system 
is  shown  in  Fig.l,  The  dashed  region  in  this  diagram  represents  the  region  of 
the  metastable  to  phase. 

In  order  to  calculate  the  P^-x  metastable  diagram  T^  =  300K  the  values 
of  AV*  j(P,x)  the  difference  in  the  molar  volume  between  a, 8  or  m  phase  pairs 
as  a  function  of  pressure  and  solute  concentration  must  be  known.  The  dependence 
of  V<\  ,  V,uJ  as  a  function  of  the  applied  pressure  was  not  measured  experimentally 
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but  can  be  estimated  using  the  elastic  moduli  data  for  Ti-Mo  and  Ti-V  alloys 
provided  by  Fedotov  [14,26,27],  The  elastic  modulus  of  "pure"  a)  phase  was  estimated 
by  Bowen  from  strain-deformation  relationship  measurements  [27].  The  dependence 
of  volume  of  pure  Q-fi  on  applied  pressure  was  given  bv  fisher  et  al .  [28]  with 
use  of  the  Murnagham's  equation  for  Ot-Ti  which  is  as  follows: 


=  11+0.0040923  P]  °‘2"978 

Vu(0] 

which  can  also  be  expressed  in  P  power  series  as: 
VU[P]  =  VU(0]  [1-0.93  10_3P  +  2.51  10“6P2] 


(25) 


(26) 


,u. 


where  V  [0]  is  the  volume  ot  hep  l’i  at  300K  and  one  atmosphere.  The  compressibility 

-3 

obtained  from  eq,  (26)  is  equal  to  0.93  x  10  .  This  compares  well  with  the 

-3 

compressibility  of  1.03  x  10  calculated  from  the  relations  between  bulk  modulus, 
the  elastic  modulus  and  the  Poisson  ratio. 


The  dependence  of  V  on  pressure  is  estimated  to  be: 
Vv  |F]  -  7°  j  0]  [  1-0.69  10~3?  +  6.52  10"V] 


(27) 


where  V " f 0 ]  is  the  volume  ot  the  pure  titanium  at  300K  and  one  atmosphere .  This 
equation  was  developed  by  using  experimental  data  [29]  for  ^  zirconium  The 
:  i- 1  ■.  u 1  ati-u  and  experimental  pressure  dependences  of  V  ,  V  and  V“  are  shown  in 


Since  AV  L  f't  titanium  is  a  moderate  function  of  pressure  the  main 

0t 

charge  in  oV  on  alloying  is  due  to  concentration.  The  experimental  values  oi 
the  molar  volume  of  the  different  phases  ft,  0,  or  uj  which  exist  in  the  Ti-V 
and  Tl-Mo  systems  taken  from  different  sources  including  present  research  data 


is  given  in  Fig  3. 


For  the  Ti-Mo  system: 


V^'fxi  =  V^fO]  ( 1-0 . 152x)  cm3/g.at.  (28) 
VP[x]  =  [0]  (l-0.l80x)  (29) 
ValxJ  =  Va[0]  (1-0  302x)  (30) 

For  the  Ti-V  system: 

V^xJ  =  v,u'(0I  (1-9. 141x) ;  V^[0]  =  20.47  (31) 
V 3 [ x ]  =  V8[0]  (l-0.157x);  VSL0]  =  10.60  (32) 
Valx]  =  Va[0]  (1-0. 21  Ax)  :  Vr<[0]  =  10.66  (33) 


Under  these  conditions  the  dependence  of  AV  for  a, 3  and  uj  phases  can  be 
calculated  as  a  function  of  the  solute  content.  Finally,  the  relative  stability 
ot  the  me testable  a,  p  and  to  phases  in  Ti-Mo  system  at  T  =  300K  is  given  by 
equations  (34-36). 

_r  ^|l  =  300K,P,xl  =  ( l-x)  (-7  77)  +  6400x  +  23. 9P  AVB>0l[x,P]  (34) 

AF 1 T = 300K , u , x ]  (l-x)  (-393)  +  2000x  +  23. 9P  AV8>u)[x,P]  (35) 

AF"1  *°[  J.-300K ,  P,  x  |  =  ( l-x)  f  384)  -  4400x  f-  23..9P  M^^fx.P)  (36) 

which  arc  derived  by  substitution  of.  equations  20,  23.  24  and  28-33  into  equation  J. 
The  computed  l^-x  metastable  d j f fusion  less  phase  diagram  based  on  equations  (34) 
end  *36)  rs  presented  in  Fig. 4  together  with  the  experimental  data  on  different 
phases  observed  under  pressure  in  Ti-Mo  system 

The  same  regular  solution  approach  can  l.e  used  to  calculate  AF1  ■*  equations 
> or  1  i-V  alloys. 

The  free  energv  difference  for  A+u  transition  is  given  generally  in  Ti-V 
system  at  atmospheric  pressure  by: 

AF0"**  fT,x)  =  (L-x)  AF8/X  +  xAF8  *  +  x(.l-x)  (A-B)  cal  /g.  atom.  (37) 

or  introducing  the  value  of  and  AF8*^  : 

AF8*01  [T,x|  =  (l-x)  (-1050  +  0.9 IT)  +  x  (1500  +  0.8T)  +  (l-x)  (A-B)  cal/g.  atm.  (38) 


J 


Using  the  Kaufman  calculated  mixing  energy  parameters  A  and  B  for  Ti-V  in 

equation  (38)  one  obtains  AFP  [T,xl  =  0  at  x  =  31  at.%  V  at  300K.  But,  as 

follows  from  the  experimental  data  in  [30},  unfortunately  these  parameters 

cannot  describe  properly  the  low  temperature  region  of  f-x  phase  diagrams  in 

Ti-V  systems.  Namely,  the  use  of  Kaufman  mixing  energy  parameters  A  and  B, 

independent  of  temperature,  do  not  agree  with  experimental  data  in  the 

concentration  region  where  to  phase  exists  upon  quenching.  (For  the  Ti-Mo 

system  the  simplification  in  A  and  B  temperature  independence  has  no  substantial 

"leaning  since  T^  in  that  system  has  strong  concentration  dependence.  There- 

ft+Ct 

fore  a  possible  mistake  in  location  of  Tq  is  a  small  one).  For  proper 
deset iption  and  good  fitting  with  the  experimental  data  obtained,  it  is  necessary 
to  have  a  temperature  dependence  of  the  mixing  energy  parameters  A  and  B.  As 
in  the  case  of  Ti-Mo  system,  it  is  not  possible  to  evaluate  the  temperature 
dependence,  of  A  and  B  separately  because  of  lack  of  exact  data  needed  for 
use  of  eq.  (9)  and  (10)  over  the  temperature  range.  In  these  conditions,  to 
calculate  the  temperature  dependence  of  (A-B) ,  the  widely  accepted  approximation 

Q  *  ♦R  ^  *  -►U 

(31,23,32)  was  invoked,  that  the  difference  between  Mg  1  and  T^  J  is  not 

large  i.e,  that  the  corresponding  chemical  driving  force  tor  the  martensitic 

transformation  in  the  Ti-|3  stabilizer  alloys,  A1  jM  is  about  -  (50-60) 

cal /mole.  In  the  same  wav,  because  the  strain  energy  associated  with  the 

dillusiouless  line  transformation  is  even  smaller  than  at  i'  -u.',  the  Tq  can  be 

taken  from  corrected  data  on  13  [32].  Therefore  bv  use  of  Duwez’s  data  on 

s 

temperature  dependence  of  Mg  in  Ti-V  alloys  [32]  with  the  above  mentioned 

e-.a  * 

correction  for  AF  ,  the  expression  tor  (A-B)  con  be  obtained  finally  from 
sq  (38)  as  follows: 

(A-B)  =  5180  -  505T  for  Ti-V 

Now,  with  the  knowledge  of  temperature  dependence  of  (A-B) ,  it  is  now  possible 


O- 

to  calculate  full  concentration  dependence  of  •  By  substituting  the  temperature 

dependence  of  (A-B)  eq.  38  becomes: 

AF^[T,x]  =  (1-x)  (-1050+0. 91T)  +  x(1500+0. 8T)  +  x(l-x)  (5190-5. 5T)  cal/g.atom  (39) 
For  8"Ho  transformation  the  free  energy  difference  is  given  by: 

AF6^  [T,x]  =  (1-x)  (-690+0. 99T)  +  x  AF®"^  +  x[W-B]  (1-x)  cal/g.atom  (40) 

in  the  limit  where  x(l-x)+x 

AF^lT.x]  =  (1-x)  (-690+0. 99T)  +  x  [AF^  +  W-B]  (41) 

The  highest  vanadium  concentration  observed  for  dijffusionless  transformation 
at  300K  is  25  at.%  V  [30,34],  i.e.  =  300  K.  From  AF^  [T,x]  =  0  in  eq.  (41) 

it  yields  that  at  300K  and  x  =  0.25 

1180  =  AF^  +  W-B  (42) 

AFS'*a'  [ T, x]  =  (1-x)  (-690+0. 99T)  +  118-x  (43) 

Subtraction  of  eq .  39  from  eq.  43  yields: 

AFa  v  [  r,x]  =  (1-x)  (360+0. 08T)  -  x(320+0.8T)  -  x(l-x)  (5180-5 . 5T)  (44) 

The  combination  of  equations  (39),  (43)  and  (44)  describe  the  T^-x  diagrams 
for  the  stable  and  metastable  a, 8  and  w  phases  which  occur  in  the  Ti-V  system 
at  atmospheric  pressure,  when  no  diffusion  occurs  under  these  conditions.  This 
expression  does  not  change  practically  Kaufman's  description  of  T-x  phase  diagrams 
ot  Ti-base  alloys  at  higher  temperature.  In  the  same  time  there  is  much 
better  accordance  now  between  calculated  data  and  experimental  results  on  the 
phases  present  upon  quench  and  successive  phase  transformation  under  pressure. 

The  boundaries  are  established  by  the  use  of  conditions  AF^  ^  [T,x]  =  0.  The 
calculated  T^,x  diagram  for  Ti-V  system  is  presented  in  Fig. 5  where  the  hatched 


area  is  the  range  of  u;  stability  in  this  system. 
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To  calculate  the  P^-x  diagram,  the  extended  free  energy  equations  are 

i  ►  j 

employed  which  include  the  dependence  of  AF  J  on  temperature,  pressure  and 
concentration. 

The  free  energy  equations  at  the  isothermal  condition  (T=300K)  are 
given  by: 

£-*iV 

AFb  [T,P,x]  =  (1-x) (-1050+0. 91T)  +  x(1500+0.8T)  +  x(l-x) (5180-5. 5T)  + 

23. 9P  AV^a  [P,x]  cal/g.  atom  (45) 

AFpn0  [ T , P , x ]  =  (1-x)  (-6300. 99T)  +  1180x  +  23. 9P  AF^V  [P;x]  (46) 

AF^ ^  fT, P,x]  =  (1-x)  (360+0. 08T)  -  x(320f0.8T)  -  x(l-x)  (5180-5. 5T) 

+  23. 9P  AVQ  W  [P,x]  cal/g,  atom  (47) 

i  i  r  for  pure  Ti  is  small  we  assume  that 

Since  the  pressure  dependence  of  AV  r 

i~M 

'■  V  J  for  the  Ti-*V  system  is  a  function  of  solute  concentration  only.  The 
experimental  data  on  V1  (i=a,li,uO  as  a  function  of  solute  concentration  x  in 
Ti-V  alloys  is  given  by  equations  (31,33).  Substitution  into  equations 
(4  5-4"’)  results  in  equations  which  describe  the  diffusionless  Pq-x  diagram  at 
1  =  300K.  The  pressure  dependence  P^  on  x  is  given  by  the  condition 
"'F1  1  [1-300K.,  P,x]  =  9.  The  computed  P  -x  diagram  at  T  =  3C0K  for  the  Ti-V 
system  is  shown  in  Fig.  6  together  with  the  experimental  results  on  the  stability 
of  different  phases  which  occur  in  this  system  under  high  pressure  (see  next 
sect  ion) . 

3 .  Phase  transformations  i n  metastable  fi-V  and  Ti-ho  alloy s  induced  by  high 
pressure  treatment 

This  section  presents  the  experimental  results  on  structural  changes 
in  Ti-V  and  Ti-Mo.  Only  the  metastable  structures  created  by  quenching  were 
pressurized  and  high  pressure  was  applied  at  room  temperature.  Therefore,  all 
observed  phase  transformations  were  regarded  as  completely  diffusionless.  It 
should  be  noted  that  In  most  of  the  previous  publications ,  for  example,  [35-37], 
the  phase  transformations  In  metastable  Ti-alloys  were  dif fusion-control  ltd . 


The  choice  of  the  alloys'  concentration  was  done  in  such  a  way 
that  all  the  main  as-quenched  structures  in  l'i  alloys,  i.e.  a',  a'-ha+B,  B-h> 
and  t‘  could  be  investigated. 

3.1.  Experimental  procedure 

a)  Sample  preparation 

The  alloys  were  arc  melted  from  titanium  (>99.9  wt.%  analytical  purity) 
with  V  or  Mo  (both  spectcoscopical  purity)  on  water-cooled  cold  hearth  and 
remelted  5  times  to  insure  homogeneity.  A  protective  atmosphere  of  purified 
argon  and  a  titanium  getter  was  used.  The  weight  changes,  after  meltipg,  were 
small  (  <  0.1%)  and  the  composition  of  the  allovs  was  calculated  from  the 
weight  of  components.  The  resultant  ingots  were  cut  into  plates  which  were 
cold  rolled  to  foils  of  100-120  pm  thickness.  The  specimens  for  structural 
studies  were  annealed  3h  at  HOO^C  in  a  furnace  with  a  dynamic  vacuum,  better 
than  2.10  6  torr  and  then  quenched  under  vacuum  into  DC  704  diffusion  pump  fluid. 
The  composition  of  the  samples  of  the  alloys  is  shown  in  Tables  1  and  2  together 

■k 

wtrn  the  lattice  parameters  and  the  phase  content. 

b)  High  pressure  treatment 

The  high  pressure  treatment  was  carried  out  on  a  single  stage  apparatus 
with  a  solid-medium  ceil  providing  the  minimal  deviation  (1-2%)  from  uniformity. 
The  pressure  mediums  were  graphite  and  AgCl.  The  pressure  inside  a  pyrophilite 
rell  was  calibrated  by  tracing  the  phase  transitions  of  Bil-Bill  (2.54  GPa)  , 
Bal-Ball  (5.5  GPa),  Billl-BiV  (7.60  GPa)  and  Snl-Snll  (4.2  GPa).  The  samples, 
in  the  shape  of  disk3,  were  placed  inside  a  cell.  Pressure  was  increased  at 
a  rate  less  than  1  MPa/min  up  to  a  specified  value.  This  pressure  was  maintained 
for  2  to  24  hours  with  subsequent  releasing  of  pressure  for  1  hour.  After  such 
a  procedure  all  samples  were  subjected  to  structural  analysis. 

* 

The  Mo  and  V  concent i a Lion  will  be  given  in  atomic  percent  throughout. 
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c)  X-ray  and  electron  microscopy  analysis 

X-ray  diffraction  patterns  were  taken  using  a  Phillips  diffractometer 
with  CuKa  radiation  equipped  with  a  bent  single  crystal  graphite  monochromator. 

The  volume  percent  of  o-phase  was  determined  from  the  relative  integrated 
intensities  of  a, 8  and  u)-ref lections .  The  structure  factors,  Lorentz  polari¬ 
zation  factors  and  unit  cell  size  of  the  <o,8  and  a  phases  were  taken  from  [38-40]. 
Lt  was  assumed  that  the  temperature  factor  for  8, a  and  o>  phases  was  of  a  similar 
magnitude.  The  error  in  the  volume  fraction  calculation  was  approximately 
±  3  vol.  pet. 

The  electron  microscope  samples  were  electropol ished  at  -40°C  under 
conditions  proposed  by  Blackburn  and  Williams  [41].  The  structures  were  examined 
using  both  JEOL  100B  and  JEOL  200B  electron  microscopes  at  100  kv  and  150  kv 
t  espectivel y. 

3,2.  Experimental  results 
a)  Ti~Mo  system 

Ti . 3%  Mo 

In  the  as-quenched  state,  X-ray  analysis  reveals  the  existence  of  two 
martensitic  phases:  a'  with  an  hep  structure  and  a"  with  an  orthorhombic  structure 
described  previously  [42-44].  (X-ray  analysis  data  for  all  alloys  is  presented 
in  T.ible  1).  The  micrograph  in  fig.  7a  illustrates  the  complex  martensitic 
stiucture  of  the  as-quenched  Ti-3  Mo  alloy,  a'  fine  plates  are  seen  in  region  A 
(see  Fig. 7a)  big  plates  of  ex'  martensite  (B)  divide  the  bulk  ot  what'  seems  to 
be  a"  martensite.  Retained  8  phase  was  not  detected  after  quenching. 

After  hpa  at  ,4.5  GPa  for  3  h  no  significant  changes  in  the  quenched 
structure  could  be  seen  by  TEM  examination  and  on  X-ray  dif fractograms . 

After  hjpa  at  7.5  GPa  for  3  h  very  smali  particles  of  the  second  phase  were 
observed  with  a  highly  densad  dislocation  network  in  the  a'  martensite  plates 
(9ee  fig.  7b).  The  experiment  on  measurement  of  sample  resistivity  under 
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high  pressure  showed  a  moderate  but  definite  change  in  the  resistivity  cf 
the  sample  at  P  -  7.0  GPj.  This  can  certainly  he  attributed  to  the  onset 
of  aj  phase  formation. 

After  ‘nps  ar  9,'J  hpa  the  volume  fra.,  t  ton  of  phase  approached 
23%  as  judged  by  X-ray  analysis  The  structure  of  the  soaked  alloy  is 
shown  in  figs.  7c, d.  The  contrast  of  the  u-  particles  appeared  only  under 
certain  diffraction  conditions.  The  morphology  of  the  induced  particles 
imaged  in  the  dark-field  (tig.  ')  was  difficult  tc  distinguish. 

T i -  5  %  Mo 

in  the  is  quenched  state  X-ray  analysis  (fig,  8a)  and  TEM  (tig.  9a) 
showed  that  the  structure  consisted  of  the  following  three  phases:  Cx-martensite 
in  the  shape  of  small  needles,  end  a  B-matr ix  in  which  very  small  «.<  particles 
are  embedded.  The  electron  detraction  pattern  (see  fig.  9a)  confirms  the 
presence  of  c  phase  X-iav  diffraction  obtained  from  bulk  sample  showed  that 
the  type  of  martensite  (V)  in  this  alioy  has  an  orthorhombic  structure  as 
it,  was  identified  by  the  pair  of  high  angle  lines  (200)  o"  and  (130)  a".  An 
insutiieieni  sinni'  sepaiat  ton  between  the  l-.w  angle  lines  (110)  a"  anu  (1020)  a" 
and  (C2L)  V  and  (111)  x"  makes  the  d  i. t  i  erentiat  ion  between  a  hexagonal  and 
•ami  or  t  horhemb  i  c  product  mere  cl  i  t  f  lo.  a!  t  it)  this  case-  furthermore,  electron 
mil  rose opy  examination  a:  thin  toils  prepared  hob  the  same  sample  used  for 
X-ray  dll  fraction  shows  avidtn. c  of  a  distorted  hex  igciic.1  mart  eiisite. 

After  lips  at  7.0  GPa  and  especially  9  0  GPa  the  quantity  of  a  and  a> 
phases  increased  as  determines  uv  X-rav  data  (fig.  hr.),  ine  structure  of  this 
alloy  subjected  to  tips  7.0  (.Ta  is  hown  in  tig  9b,  It  ..an  be  observed  that 
pressure- Induced  a-mar tens  it e  plates  grow  at  the  expense  of  the  B-matrix- 

An  increase  of  lips  up  to  9  0  01’ a  gave  i  ise  to  the  enlargement  of 
Ox  *  -mar  tensile  plates  (.see  fig.  9c).  The  iarg6  a’plates  contain  a  mixture  ot 
v  +  B  (possibly  as  a  result  of  partial  transformation  of  ~x'  to  ^  +  :• )  ,  as  well 


as  "secondary"  a'  plate~like  regions.  Superimposed  reciprocal  lattice  sections 
o£  u),B  and  a'  phases  are  seen  in  t fie  diffraction  pattern  and  in  the  corresponding 
indexing  scheme  (see  figs.  9d,e).  This  complex  structure  may  be  the  result 
of  the  similarity  of  the  thermodvnamic  properties  of  ail  rhree  phases  in  this 
particular  alloy.  Therefore,  the  application  of  high  pressure  causes 
successive  stages  in  phase  transformation  development.  This  development  could 
also  proceed  in  a  reverse  direction  during  the  unloading  of  the  sample. 

Ti-li.5%  Mo 

In  the  as-quenched  state  the  X-ray  dif f ractograms  (fig.  8b)  showed  no  traces 
of  cj  phase.  On  the  other  hand,  the  TEM  micrograph  exhibited  a  mottled 
contrast,  which  can  be  attributed  to  a  finely  dispersed  phase.  This  dispersive 
phase  or,  more  correctly,  the  small  zones  which  may  serve  as  precursors  for 
w  phase  are  probablv  responsible  for  the  small  degree  of  diffuse  streaking 
observed  on  the  corresponding  diffraction  pattern. 

after  hps  at  9.2  CPa  the  quantity  of  x.  induced  phase  was  evaluated  by 
X-ray  diffraction  analysis  (see  fig.  8b)  as  15  vol.%.  Application  of  pressure 
gave  rise  to  dislocation  network  and  growth  of  the  second  phase  particles.  The 
election  diffraction  pattern  shows  clear  reflections  of  x  particles  and 
circular  diffuse  streaks.  Diffraction  of  distinct  x  particles  results  in 
appearance  of  clear  m  reflections.  While  the  increasing  amount  of  tire-  phase 
precursors  are  responsible  for  the  marked  diffuse  streaking.  The.  dislocation 
network  observed  after  hps  is  due  to  the  increasing  transformation  strains, 
and  compression  strains  created  be  pressurization  of  samples  wi th  a  structure 
containing  a  mixture  of  anisotropic  phases. 

T 1-15%  Mo 

In  the  as-quenched  state  the  "athermal"  0  phase  was  easily  imaged  in  the 


extinction  contours  (see  fig.  10a).  This  can  be  explained  by  the  dynamic 
diffraction  conditions  inside  the  extinction  contours  providing  the  best 
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contrast  for  very  smaJ 1  coherent  particles,  The  extinction  councours  themselves 
could  be  local  distortions  in  the  B-matiix  causeJ  by  the  transformation  strains 
The  electron  diffraction  pattern  shows  a  complex  network  of  diffuse  intensity 
(see  fig.  10b).  The  paired  positions  of  spots  reflect  the  symmetrical 
arrangement  or  the  o  precipitates  to  each  other  relative  to  1110}  plane. 

After  hps  at  9  0  GPa  the  quantity  of  the  ,c  phase  increased  The  grown 
phase  particles  appear  together  with  a  dislocation  network  as  is  shown  in 
tig.  10c. 

li  with  18  to  33%  Mo 

Ir.  the  as -quenched  state  the  X-ray  analysis  of  ail  these  alleys  revealed  the 
cxn  ten-  ■=  ot  only  „ne  phase  (identified  as  the  ft- phase ) .  Diffuse  s  altering  was 
observed  or.  the  electron  diffraction  pattern  •.  l  the  as-quenched  1 1  —  1 8%  Me  alloy 
(see  fig  11a)  and  paired  Kikut'l.i  lines  appeared  on  the  electron  diffraction 
pattern  ot  tire  Ti-20/i  Me  ailov  (see  tig  )lh).  It  is  interesting  to  note  that 
the  : imposition  of  these  alloys  corresponds  to  the  maximum  or  t  he  miscibility 
gap  ot  the  l'i -Mo  phase  diagram  <4  *|  The  elf  e-.  t  of  diffuse  scattering  and  paired 
rCikjchi  line-  is  usually  assigned  to  the  first  stages  of  spinedai  der.omp.tsit  ion , 
hot  rr.  i»  till ;  i<-ul  t  to  suggest  that  c  »■.  h  del omposi t ion  could  oc-  or  during  the 
k  ,<  quench  of  these  alloys  It  it  m.-r  e  likely  that  the  i  or  mat  ion  ■'>  t  shirt 
range  ordered  i'>nes  due  t  he  stark  d  l»p' a.-ements  •?;  short  :.rr  r  ov.s 
resulted  in  the  observed  effects  [43j  No  peculiar  details  were  observed  tor 
at-quFnc  bed  1 1-25%  No  ai  lev  in  trie  TEM  mi.  rogr  jpits 

After  hps  at  4.3  Gfa  tire  1  KM  examination  revealed  nannies  c  *  a  sec  >nd 
phase  in  alloys  containing  18  »  '  23).  Mo  (see  figs.  lic,dl  Th<?-e  pat «.  it  tee 
have  ar.  ellipsoidal  shape  char  a^iet  isti-  .  I  the  .  pi. a*  a.  IK.,  .e'er,  naiveis 
ot  the  diffraction  pattern  did  not  allow  the?'  p,»r  r  n  let  to  he  idetr  1 ?  red  as 
.  phase.  r,robably  the  structure  •-  £  the  pressure  indued  phase  is  distorted 
and  its  c rvstaliographic  structure  is  different  from  the  "classical"  .  phase 


This  distortion  of  uj  phase  can  be  caused  by  its  elastic  interaction  with 


a  6-matrix,  possessing  signii icantly  more  rigidity'  in  comparison  with  alloys 
containing  less  Mo.  The  alternative  reason  might  be  the  decrea  e  of  the 
c  phase  symmetry  due  to  the  increase  or  a  pair  interaction  between  Mo  atoms 

in  these  alloys  with  a  large  amount  of  molybdenum.  ) 

X-ray  analysis  in  all  samples  showed  no  trace  of  phase  lines,  and 
the  quantity  of  phase  may’  be  evaluated  as  less  than  2  to  3%. 

After  hps  at  9.0  GPa,  no  change  was  obtained  in  the  X-ray  dittracto- 
g r ares  which  showed  only  lines  characteristic  of  the  6  phase. 

The-  results  of  phase  content  analysis  and  lattice  parameter  determination 
are  summarized  in  Table  I.  Frg.3  shews  the  variation  of  molar  volumes  for 
a,  6  and  to  phases  as  a  function  of  composition.  The  data  ol  X-ray  analysis  are 
in  accordance  with  TEM  observation.  It  shows  that  the  v  phase  remains  in 
substantial  quantity  after  a  high  pressure  release. 

From  the  data  presented  in  Table  1,  it  follows  ’hat  the  specific  volume 
Va  lor  i  phase  depends  on  the  molybdenum  content  mete  then  the  specif i. 

volume  V1'  does  tor  6  phase  (see  fig,  3).  Therefore  for  alloys  with  Mo  "•  5?. 

g-a  l* 

specific  volume  increment  AV "  becomes  negative  (AV  0).  That  means  that 

the  high  pressure  will  provide  a  driving  force  AVxAP  lor  both  n-v  transformation 
,  ty 

( -'.v  0  foi  all  concentration  range)  when  Mo  ST 

b)  T i-V  system 
T i - 2 A  V,  Ti-6%  V  alloys 

X-ray  analysis  of  the  quenched  Ti-2%  V  and  Ti-6%  \T  alloys  indicated  that 
only  hexagonal  a’  martensitic  phase  was  present  and  it  was  confirmed  by- 
el  ectron  microscopy  (see  Table  TI). 

When  pressurizing  the  samples  at  6.3  Cl’a  and  9.2  C'.Pa  toe  electrical 
resistivity  was  measured.  No  step-like  changes  in  the  electrical  resistivity 
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Table  L:  The  phase  content  and  lattice  parameters  of  Ti-Mo  alloys  alter  quenching  and  high  pressure  soaking  at 
room  temperature 


according  to  Jamieson 
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were  found  in  the  case  of  Ti-2%  V,  but  distinct  change  in  the  slope  of  the 
resistivity-pressure  curve  for  Tl-6  %V  was  observed.  This  fact  was  regarded 
as  the  evidence  of  the  u)  phase  formation  in  Ti-6%  alloy  under  high  pressure. 

On  the  other  hand  the  extensive  examination  by  electron  transmission 
microscopy  (TEM)  failed  to  reveal  the  presence  of  the  to  phase  in  Ti-6%  V 
specimens  after  a  high  pressure  run. 

It  is  possible  that  the  pressure  formed  u-phase  was  destroyed  and  trans¬ 
formed  back  to  a'  martensite  after  releasing  the  pressure.  Only  martensitic 
plates  of  titanium  a'  -  martensite  with  acicular  morphology  were  observed 

U ig . } 2)  , 

Ti-10%  V  allov 

a'  -  martensite,  3-phase  and  athermal  uj-pnase  were  found  in  quenched 
specimens  by  means  of  an  X-ray  technique.  Electron  micrography  taken  ; rom  these 
specimens  show  a'  martensitic  plates  in  S  matrix  and  very  fine  thin  a.  plates 
inside  an  Ct'  martensitic  plate.  Fig-  13a  represents  the  morphology  of  these 
thin  x  plates  in  the  dark  field  taken  from  the  u-ref lection.  Corresponding 
electron  diffraction  pattern  and  its  schematic,  representation  are  given  in 
f  1  g.  i  3c  and  fig,  13d.  The  analysis  of  this  electron  ditfraction  pattern  shows 
that  the  orientation  relations  ct  a'  and  u)  plates  to  the  8  phase  are  consistent 
with  those  usually  observed  for  B^a  and  B+tc  transformation  [46],  Small 
ellipsoidal  ■>)  particles  were  also  observed  in  3  matrix  and  the  well  known 
x/3  orientation  relationships  [46],  were  confirmed.  It  should  be  pointed  out 
that  it  is  not  clear  whether  the  .u  particles  observed  in  a’  martensitic  plate 
are  the  result  of  direct  ecu)  transition  or  whether  both  and  B-ho  trans¬ 

formations  have  taken  place  simultaneously. 

After  high  pressure  soaking  at  9.2  OPa  the  amount  of  the  j-phase 


increased  as  it  was  found  by  X-ray  technique. 
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The  TEM  analysis  showed  that  high  pressure  treatment  results  in  the 
change  of  the  u>  morphology  together  with  the  additional  growth  of  the 
individual  tu  -  particles.  In  fig.  13b  the  dark  field  electron  micrograph 
shows  the  u)  particles  in  cx'plate  after  pressurizing  the  specimen.  Thin  plates 
ot  the  jj  particles,  which  were  observed  before  pressurizing  (fig. 13a)  were 
found  to  have  grown  after  high  pressure  treatment.  The  c,  particles  also 
became  more  rounded  and  elliptical  in  shape  (fig. 13b)  in  comparison  with 
their  original  plate  form. 

l'i  14%  V  alloy 

Tig.  14a  shows  the  morphology  of  as-quenched  Ti-14%  V  alloy.  Very  fine 
t.'  needles  in  the  [3-matrix  (marked  bv  arrows)  appear  in  the  bright  field, 
the  inset  in  fig. 14a  shows  the  dark  field  image  oi  the  w  particles  in  as- 
quenched  specimen. 

Fig.  14b  represents  the  morphology  of  the  sample  which  was  subjected  to 
9  iil’n  pressure;  two  effects,  which  follow  as  a  result  of  high  pressure  treat¬ 
ment,  can  be  pointed  out. 

a)  The  growth  of  u'  needles  (see  a'  needles  in  fig. 14  a  marked  by 
arrows  and  compare  them  to  a'  martensitic  plates  in  fig. 14b). 

b)  The  growth  of  a;  particles  (see  inset  in  fig. 14b  which  represents 
the  dark  field  image  of  the  w  particles  after  pressurizing  the 
specimen. 

The  magnification  for  inset  14a  and  14  b  is  the  same). 

An  increase  in  the  amount  of  the  to  phase  in  pressurized  specimen  was 
also  detected  by  X-ray  analysis  (Table  II). 

Ti  18%  V  and  Ti-20%  V  alloy 

The  retained  3  phase  and  the  ui  phase  were  observed  in  the  as-quenched 
specimens.  The  formation  of  a'  phase  was  suppressed.  Dark  field  TEM  micro¬ 
graph  taken  from  the  to-ref lection  shows  the  elongated  ellipsoidal  shape  of 
:u  particles  (see  inset  "a"  in  fig. (15). 
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The  hign  pressure  treatment  at  P=7,5  GPa  Increases  the  amount  of  the 
.c  phase  and  also  effects  its  morphology.  The  ellipsoidal  shape  of  the  as- 
quenched  a.’  is  changed  and  tends  to  be  cuboidal  after  pressurizing.  Inset  "b" 
in  fig. 15  represents  Lhe  dark,  tieid  linage  of  pressurized  specimen.  Seme  of 
the  u>  particles  which  have  approximately  cuboidal  shape  are  marked  by  arrows. 

High  pressure  treatment  also  results  in  the  appearance  of  a’  martensite  which  is 
induced  i  n  the  3  metastable  matrix.  Bright  field  image,  of  the  pressure  induced 
V  martensitic  plates  is  presented  in  fig, 15.  Habit  plane  of  pressure  induced 
r '  martensite  was  found  to  be  c { 33 4 1  type  (actually  19,7,141)  which  is  compatible 
wi'h  the  results  of  Wood  j  25 j  for  the  habit  plane  19,7,12}  for  del orraation 
xn  luted  a'  martensite  In  Ti-Mo  alloy 

Ti-30  and  T  1  - 3 5 

Figs.  16a  and  lob  show  a  selected  area  diffraction  pattern  with  zone  axis 
1 3 10}  obtained  from  a  Ti-30%  V  quen< hed  alloy  and  a  Ti-30%  V  pressurized  alley 
lespec t i\ ely .  In  f ig . 16a  the  diffuse  scattering  is  faint  whilst  tig. 16b  exhibits 
.  ntc-nsi.-e  diffuse  streaking  which  could  be  ascribed  to  a  .-like  formation  caused 
by  high-pressure  treatment  (Similar  diffuse  intensity  petreins  ter  as-quenched 
Tt  end  Zr-’u-ised  a'  toys  wet  e  observed  by  Williams  et  a!  |48  j  and  by  Sass  '.49  j  . 

;-w u\_  Analysis 

Fig  1 7  shows  the  X-ray  di  f  L  rac  tegrams  of  some  as -quenched  alleys  and 
alLi-ys  that  were  f  nit  i«llv  quenched  and  then  pressurized.  Hue  results  of  phase 
i  entent  analysts  and  lattice  •'.tramtiers  determination  are  summarized  in 
faille  II  Fig. 3b  shows  the  vuiiat ion  of  molar  volumes  for  alpha,  beta  and  omega 
at  .i  function  of  composition  The  data  of  X-ray  analysis  «re  in  accordance  with 
TFM  observation  for  Ti  with  6-20,  V  allovs  and  indicate  that  the  .  phase  remains 
in  substantial  quantity  after  high  pressure  release  In  cur  experiments 
pressure  was  not  sc  high  as  to  cause  100%  omega  transition  Besides,  the  reverse 
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transformation  to  the  parent  phase  could  partially  take  place  during  the 
pressure  release.  Thus  the  maximum  amount  of  w  of  about  -  57  vol.%  was 
obtained  (for  Ti-14%  V  alloy) . 

From  the  data  presented  in  Table  11,  it  follows  that  the  specific  volume 

u  B 

V'“*  for  a  phase  depends  on  vanadium  content  more  than  the  specific  volume  Vp 

does  for  £,-phase  (see  fig.  3).  The  axial  ratio  C^/a.^  for  the  u>  phase  increases 

with  the  increase  of  vanadium  content  but  does  not  remain  constant  as  it  was 

>"eported  in  [37]  ,  (It  should  be  pointed  out  that  our  results  were  obtained  for 

the  case  when  the  v  phase  was  formed  by  high  pressure  diffusionless  treatment. 

lius,  the  composition  of  the  uj  phase  depends  only  on  composition  of  the  original 

_iJtoy  and  is  not  influenced  by  the  diffusion  process).. 

The  increase  of  C  ^/a  with  the  increased  vanadium  content  can  indicate 
o  o 

the  weakening  of  atomic  bonds  in  the  u)  phase  when  vanadium  concentration  in 
the  phase  increases.  This  result  is  an  indirect  evidence  of  the  decrease 
ot  those  parameters  which  characterize  the  a)  lattice  strength  such  as  Debye 
temperature,  Young  modulus  etc..,  with  the  increase  of  vanadium  content.. 

Another  important  result  is  that  specific  volume  increment  AV  is 
negative  (.\V1'  0)  when  vanadium  content  is  mere  than  15? ,  Therefore  high, 

pressure  wall  provide  driving  force  AV-.\P  for  both  3-*o  and  3'u  transformations 
(  A'"  0  for  aLi  cone entration  range). 

3  j .  D tscussion 

J.3.1  The  sequence  of  dif  f usicnless  transformation  in  1  i -Mo  and 
Ti-V  alloys. 

The  experimental  results  can  be  readriy  explained  when  we  consider  the 
calculated  diagrams  T-X  and  P--X  (see  figs.  1,4, 5, 6).  When  the  alloy  content 

is  0-3%  Mo  or  0.8%  V  the  lines  of  the  free  energv  equilibrium  T^  a  and 

0 

T^  on  T-X  diagrams  are  far  from  each  other.  Theretore,  during  quenching 
irom  B  region  the  alloy  first  undergoes  transformation  p  *a '  at  the  temperature 


gr eater  than  T^1  .  The  ft  phase  is  completely  transformed  to  ct'  phi.se  before 

the  line  T^"^  is  reached  during  cooling.  Thus  only  the  ot'  phase  is  observed 
in  0-3%  Mo  or  0^8%  V  regions  upon  quenching. 

Applying  high  pressure  at  300"K  to  the  as-quenched  structure  (a’  martensite) 
induces  the  transformation  and  after  the  pressure  release  oc'+w  mixture 

persists  by  virtue  of  ot'-nij  transformation  hysteresis.  During  our  experiments  we 
could  not  observe  in  situ  how  far  the  process  a'-ta  develops  and  neither  could  we 
estimate  which  fraction  of  the  high  pressure  induced  w  remains  at  P=1  atm. 

The  sequence  of  transformations  in  metastable  Ti-0-3%  Mo  or  Ti-0-8%  V  alloy 
is  as  follows: 


Quench, 


Qi'(3) 


Pressure , 


a'  (0)  +tj(a') 


The  symbols  in  brackets  indicate  phases  from  which  the  obtained  structures  origin¬ 
ate 

ft2rv  fti,, 

In  the  alloys  with  ^  4-10%  Mo  and  8-14%  V  the  curves  Tq  ,  Tq  '  and 
r(JW  (and  the  corresponding  martensite  start  temperature  lines  M  *  are  in 

j 

near  vicinity  from  one  another.  (The  small  distance  between  Tq  J  and  Mg'  J 
lines  is  the  consequence  of  a  moderate  value  of  the  activation  energy  for  Snx' 
ind  Oi’-tu  transformation  in  Ti-V  and  Ti-Mo  systems.  Therefore  for  4-10%  Mo 
(b-14%  V)  concentrations,  the  quenched  fi  phase  is  not  transformed  to  a'  phase 
•ah.no,  since  the  and  3  no  transformations  are  also  expected  to  occur.  Thus 

fh.’  is- quenched  structure  consists  of  B  matrix  with  to  particles  and  a'  needles 
which  contain  fine  and  reguLarly  aitanged  w  plates.  It  is  not  clear  as  yet 
whether  the  plates  observed  in  a'  needles  In  Tl-V  alloy  (see  fig. 13a)  are 
'x  ’-or fginated.  We  need  further  experimental  research  to  answer  this  question. 

When  high  pressure  is  applied,  the  a*  and  w  phase  grow  at  the  expense 
of  0  phase.  In  Ti-V  alloys  the  ju  phase  morphology  changes  after  pressurizing 


and  i;  particLes  become  more  rounded. 
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Ihe  diffusionless  reactions  for  4-10%  Mo  (8—14. 1  V)  concentration  range  tan 
be  described  as  follows: 

r.  a'(6)-hj(a,)-h.i(f»)+B  .  P— 6+o  '  ( (-; )  -Hu  (a ' )  -eo  ( P a 

retained 

A.j  it  follows  from  calculations  of  free  energy  changes  for  these  transformations  (Set  2) 
the  pressure  of  about  20-30  GPa  is  necessary  in  order  to  complete  b *tx '  and/or 
P  *v  transformation  in  this  concent  rat  ion  range.  Besides,  the  higher  the  molybdenum 
(vanadium)  moment  the  greater  must  be  the  pressure  and  Pq  (see  Fig. 4, 6). 

t'n  the  'ther  hand  the  phase  hysteresis  does  not  considerably  depend  on  tne  value 
p  ['I  j.  Therefore,  it  should  be  expected  that  upon  releasing  t  lie  pressure  reverse 
■  i  an  ’  sat icn  in  alloys  with  higher  vanadium  content  will  start  at  higher  pressures 
t  onsequent  1  v,  .1  smaller  amount  oi  tin.'  pressure  induced  phase  will  remain  after 
unloading.  !t  was  this  tact  that  was  experimentally  observed. 

For  alloys  with  molybdenum  content  less  than  15%  (V  *  25;)  but  mote  than 
11*.  fv*u  t  ran.-;:  ormat  ion  is  observed  upon  quenching.  It  is  In  agreement  with  the 
diagrams  in  Fig.  1,5,  where  onj.v  !  1  *  «•  urve  will  he  crossed  dur  inn  cooling  from 
-r  are  ihe  format  ton  of  the  *- phase  will  be  enb.m,  ed  he  high  presume  as  tcllows 
lieu.  (I’-l.l  part  of  Fig  4,6  The  sequence  of  dif  f us icntess  t.r  i:>->ic  r  mat  ions  can 
‘e  described  as  follows: 


Ouetu  b 


m 


Pressure 


- *•  D  +  n  (  ) 


When  the  molybdenum  content  is  more  than  15'  (.’5"  let  V)  t  hi  .•  phase 
ts  well  stabilized  and  it  remains  after  quenching  As  it  icllews  item  Figs  .,n 
pressu'e  mat  is  high  enough  can  promote  :  *  t  ranst  ormat  ion  Act  •  t  d  ing  to 
I  Williams  et  al.  148,31]  the  b -u  transforin.it  inn  pro-  tics  .is  an  ordering  ptoitss 
or  linear  displacive  defects  in  111  _  aromit  rows.  Initially  the  shot  t  range 

.  or  rebated  displacements  appear  and  result  ;r.  the  t  h.arai  ter  ist  1.  ditiuse  streaking 
When  driving  forces  for  P. -*u  pliase  t ransf >  rrnut ion  Imre-ase  turtiier  due  to 
i  noting  °*  to  the  increase  of  pressure,  the  long  range  «  or  related  displacements 


appear,  the  final  u'  phase  is  created  and  rhe  dutuse  effects  get  transformed 
into  well-resolved  u'  diffraction  patterns.  This  was  shown  during  cooling  for 
l'i-Fe  and  Ti-Mo  alloys  in  ( 39  |  ,  After  high  pressure  application  this  effect 
is  observed  by  us  in  alley  fi-15  Mo.  i  Ln  nure  detail  the  diffuse  scattering 
will  be  discussed  in  Sec. 5- J.2J. 

3.  >  1  On  changes  in  w  phase  morphology  m  ft-V  alloys  after  high 
pressure  application 

As  we  have  slteady  pointed  out  the  high,  pressure  treatment  of  the  Ti-V 
alloys  substantial!.'  influences  the  morphology  of  the  oi  ihase  In  all  investi¬ 
gated  alleys  tbs  w  pirtiules  become  more  rounded  after  applying  high  pressure. 

Ihe  images  of  the  u.  particles  in  our  electron  micrographs  are  net  sharp,  and  it 
may  he  .enside'  id  as  an  evident  e  of  coherency  strains  associated  with  the 
j./marr  xv  inf's?  face  >52).  This  implies  that  the  .  phase  morphology  may  be 
determined  by  minimisation  c(  the  total  of  rhe  surface  and  strain  energy.  Williams 
and  lira  kburn  i  54,  S  »,  36  i  have  suggested  that  the  u.  particle  morphology  can 

h*.  related  to  the  misfit  between  the  rut  tic  te  and  matrix  lattice  In  those  systems 

where  the  tnis'i*  i.-  high  <  ’  i  0  pet/  '  1 1  -  V ,  Ti  !•>,  Ti-Cr )  the  particle  shape  is 
determined  >y  '■tie.  mi  n  imisar  u  ;i  c  !  *  he  cw-ri'.  stums  in  cl.e  ma*  >  ix  •  in  lew'  mi  a.*  if 

-'•.-tarns  {  Tj-Mo,  Ti-Nn)  the  particle  shape  is  governed  b>  '.ho  min.’.Tisat  ion  of  tiie 

-nr face  enertc"  In  the  present  study  the  changes.-  n.  tit-  .  merphoiogv  cannot 
if  assoc  i  Uei  wit  u  the  mis'  it  changes  .  The  t  empress  i  onu  1  .  n.rnges  of  the  lattice 
T,r.-U'.c  r  i>r=  and  '  c  l  unies  oi  born  the  ..  phase  ,  and  I  i-n.c  1 1  ix  are  appi  oilmately  the 
Same,  there*  re  the-  changes  in  hi:  at' it  values  due  re  tie  \«.t  t  i*  e  parameter  shift 
nteduetd  hv  pre.asijr1.7i.ng  are  ptact  leal!  y  negl  igibe  B?s  dps,  t  he  pressure 
Induced  growth  of  the  .  particles-  is.  not.  accompanied  by  icmpo:- i  t  ion  change... 

Thus  in  high  pressure  experiments  th.e  misfit  cannot  be  in:  luenoed  bv  tlie 
composition  variation  On  the  ether  hand ,  we  may  assume  that  the  surface 
eneigv  term  associated  with  the  coherent  .'/matrix  inter!  e  ••  is  rat  het  small 
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in  comparison  with  the  strain  energy  term.  Since  the  degree  of  coherency  is 
not  changed  after  high  pressure  application,  the  strain  energy  term  remains 
predominant . 

The  only  reasonable  cause  which  influences  the  eJastic  energy  of  tin 
v  particles  in  our  compression  studies  is  the  change  in  the  rigidity  of  the 
matrix.  The  rigidity  of  the  matrix  increases  after  applying  high  pressure. 

Tims  the  strain  energy  associated  with  the  a/matri::  interface  will  increase, 
it.  follows  that  the  particle  which  grows  during  pressurizing  will  tend  to 
.educe  its  interface  area.  Thus  more  rounded  shapes  of  the  c  particle  will 
oe  iavurable  after  pressut  izir.g. 

3  i.3.  Diffuse  scatter ing  etiecte 

At.  the  present  moment  the  diffuse  scattering  effect  is  ascribed  to  a 
short  r ange  order  displacement  of  short  acomic  rows  [45,56,53].  As  a  result  of 
,-jcn  a  displacement  a  short  range  ordered  state  [43]  or  zone  Is  created.  1'hesc 
zones  serve  as  tire  places  where  phase  eventually  arises  in  its  final  shape 
■  'hen  r he  change  from  short  to  long-range  ordered  displacement  takes  place 
■nder  an  increasing  driving  force-  Ir  the  same  sequence  the  diffuse  streaking 
is  , hanged  to  sharp  *  reflections 

'the  following  picture  can  he  seen  by  summarizing  the  abo\ e  experimental 

d  a  t  a  : 

a.)  Diffuse  scattering  was  nor  observed  tor  alleys  containing  .'-phase 
in  the  as-quenched  state  (3  to  5  t ,  7  Mo). 

b>  Diffuse  scattering  occurs  in  as-quenched  ?  punsc  alloys  with  higher 
No  /. onoentration  (11  to  18  at  %) .  An  intense  dill  use  network  was  observed  in 
the  Ti-15%  Mo  alloy  (fig. 10b),  bordering  on  the  region  where  .  is  still 
observed  (fig.l). 

c)  After  hps  of  t lie  Tl  alloy.,  with  18  to  25a  Mo  a  weak  diffuse  scattering 
Is  observed  together  with  secondary  (,-like  reflections. 


Since  the  appearance  of  diffuse  scattering  relates  with  concentration 
we  nay  use  the  results  of  the  phase  diagram  calculation.  The  calculation 
predicts  that  at  300K  the  alloy  with  15%  Mo  has  to  be  out  of  all  the  alloys 
under  study,  nearest  to  the  phase  equilibria  line.  Consequently ,  this 

alloy  in  the  as-quenched  state  must  display  maximum  instability  of  the 
t?-matrix.  In  alloys  with  less  Mo  the  instability  of  the  ?  phase  "discharges" 
i ~ i  the  advent  of  the  u!  phase  in  the  course  of  fast  cooling  during  quenching, 
ihcrefore  these  alloys  might  have  minimal  or  not  at  aii  diffuse  scattering. 

In  alloys  with  Mo  >  13%  one  has  to  observe  diffuse  scattering  decreasing 
with  the  the  amount  of  Mo. 

Tne  application  of  high  pressure  to  these  alloys  instantaneously  increases 
‘he  amount  of  w  phase  due  to  an  increase  in  the  driving  force  for  h-.  trans¬ 
formation.  Simultaneously,  instability  of  regions  of  :  matrix  not  yet  trans¬ 
formed.  grows,  giving  rise  to  an  ordered  displacement  of  atomic  rows  and  appear  an 
•of  diffuse  scattering  as  a  precursor  of  its  complete  transition  to  the  equi¬ 
librium  : arm  of  the  u  phase. 

In  the  case  of  Ti  with  V  30  ’•  V  according  to  the  -:a  l.-ulat  ions  the 
transformation  snould  he  expected  to  -tart  at  fairl"  high  critical  nr  t-ssu?  e 
Weil  resolved  ...  diffraction  pattern  shoo'd  ire  expected;  however,  destrm  t  ;nn  ’ : 
the  i  p.nse  begins  during  unloauing,  and  cniv  short-range  <  orrciated  displace- 
:«t nt-.  remain  at  1  atm.  giving  rise  to  verv  intensive  dif  ln-e  st  reaking  llic 
dif'use  streaking  for  pi  es.sur  i/eu  specimen  is  mo'e  intensive  t  ban  ;  hat  hr 
the  specimen  in  an  as-quenched  condition.  I'hus  we  ,  an  conclude  that  in  addition 
to  lil  :  displacements  caused  bv  quenching  tiie  iiigh  pres-uie  treatment 
remits  in  appearance  of  new  short,  range  correlated  displacements  in  the 
lattice.  These  displacements  are  certainly  stall,  in  nature  he  .u.-c  thev  at  e 
due  to  t lie  pressurizing  and  cannot  be  related  to  changes  in  temperature. 
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3.3.4.  The  correlation  between  the  phase  stability  and  basic 
physical  properties  of  the  Ti-V  and  Ti-Mo  alloys 

Comparison  of  experimental  and  calculated  phase  diagrams,  in  the  Ti-V 

and  Ti-Mo  systems  disclose  the  same  features  in  phase  stability  and  succession 

of  phases  due  to  alloying  and  application  of  high  pressure.  Pressure  induces 

these  changes  more  efficiently  in  the  fi-Mo  system.  This  seems  natural  since 

both  elements  have  atomic  radii  which  are  smaller  (r  =1.34)  and  rw  =1.39  A) 

v  Mo 

O 

than  that  of  Ti  (r,^=  1.47  A)  while  both  of  their  valenev  electron  concent- 

t  it  ions  are  larger.  Alloying  Ti  with  V  and  Mo  could  be  considered  as  analogous  to 

.replying  high  pressure,  since  both  diminish  the  mean  atomic  volume  and  increase 

the  valence  electron  concentration,  n, .  This  point  of  view  has  been  presented 

a 

cany  times  (recently  in  [57]  in  an  attempt  to  explain  phase  transformations  as 
stemming  from  changes  in  el ectron-to-atomie  ratio  or  d-band  occupancv  (AN  ) [ 5 7  ] , 
electronegativity,  etc.  These  physical  models  are  qualitative  since  they 
■ann.t  take  into  account  changes  in  lattice  vibration  parameters  and  electron- 
p  !•  r.  .  \  interaction  caused  by  changes  in  composition  and  pressure.  Thus,  it  is 
:m|-  to  change  AN^  of  transit  ion  metal  by  alloying  bv  an  amount  win  is 

oiuiv.ilent  to  that  induced  by  pressur ization  without  altering  the  average  weight 
'  the  atoms,  in  the  lattice  and,  as  a  consequences,  substantially  ci.ang.o  lattice 
r toper t  its  and  electron-phonon  interactions.  In  the  prr  sent  .  ase  -'-\e  has  to  add 
i.  e  as  much  V  to  titanium  than  Mo  to  obtain  the  same  increase  in  Lite  number  of 
d-eic.  iron*.  However  due  to  the  great  difference  in  atomic  weight  lV=50.9,, 

Mi.*  »5.V4)  this  immediately  creates  a  strong  difference  in  li-"  and  'I  i  -Mo 
attice  dynamics.  For  these  reasons  it  is  difficult  to  pred i.  t  quantitatively 
titt-  behavior  of  transition  metals  allovs  from  first  print  ipies,  white  the 
thermodynamic  approach  can  be  applied  successfully.  On  the  other  hand, 

■•stahl lshment  of  correlations  between  phase  stability  and  basic  physical 
properties  (Debve  temperature  0  ,  electronic  specific  heat  reel  f ieient  i  , 
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critical  superconducting  t  cmperut  ur  t. ,  1  ,  et._  '  tan  help  t.nti  nr:  l/t  'tie 

source  of  phase  stability  unde'  some  .ouditicns 

A  c  omplete  set  o!  phv.  ie.i*.  data  t  c-r  'I  i -H  ;5£)  .mu  i-V  •,  ‘s\> !  pcs  t  -.-ms 

obtained  by  (.tiling..'  >  t  .>1.  l.  u.'W  aval,  it  it  as  i.  wn  i  .  '  -c  re  h  ’’ 

instructive  to  examine  the  trend'  cr.-cn  ed  wien  Ti  i  ->  i:  iwea  1 1 1  M.  at 

and  compart  :  ne  rc.— airs  wit  it  oressi.r  iz/»»  ion  u  r  he  -  .. 1  !  \ •.  -met a?  taiir 

state 

.  .  in  tin.  phase  diagram  i  egi  •n.-.  w  1 1  *'  h- Vv  u  .  or  O-H'.V,  '  1 m  i  1  :  oeu  upon 

:;tier. ■.  h  my  ..rid  the  _  plicu  a  u  i-i  ,  .nd-t  j.-rtssut  l”  «t  ut  A-  cue  Se  ctue *;r- 
1  '  'ti  n  «:ir  -.» i  t!.e  1  ie  i  •  -so-  he  -  r.:,  -e  i  •  the  .  -•  -t..  - ' piHK 


i'  .  iji.”  jince  1  has  larger  »<ii>rat  i-  i>  .  I  ent  t  ci>'.  rei  r  i  w  t. 
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increases.  Nevertheless  t’.ie  re  .at  ion-hips  between  j  ,•  >•  ••  i.-.  a  •  properties  oi  and  , 
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3.3.5  Mechanical  Properties  of  i  i  -Mo  alloys 
In  [61]  the  mechanical  properties  of  Ti-li  wr  v  Me  (  5  at  1  was 

repoLtcd  and  in  [62]  the  mechanical  properties  of  Sever a  1  Ii-Mc  a’l.-.s  ( up 
to  35  wt.f.  Mo.  oi  up  to  11  it.'  Mol  wi  re  investigate!  !  o2  j  deal  \v  1 t  n 

the  e*  feet  ot  thermal  'nistorv  and  the  obtained  mic  r  cst  r  i.v.  *  are  on  c--.  .  wives 

Or  o -quenched  fi-Mo  ailovs,  Low  yield  stress .  0  .  was  •  Stamen  for  as-quen .  hed 

-  io r  pure  Ti ,  "3.5,  -5  and  ?  n z  '  Mo.  Low  f  i  q’.-t  iV't-J  3.5  -  7  j- 

v  is  xplained  by  the  possibility  at  -strain  induced  I  runs*  c-rniat  icn  retained  . 
phase ,  '  -o  ’  Mechanical  proper  t  tc-s  of  v  i  -  5.2  at  1  we  >  c  invest  \ga--.a  in 
.  3  • .  Fimbri tt  lament  was  found  in  the  quenched  aaiv«!-  •  *t  te>  ace  t  n  .  it  if  0  t. 
i .  r  I  hours  and  was  explained  by  th-  itteui;  t  ion  ot  r.i-. elation  pi !  v-ups  will. 

:  -  tat  l  y  lirge  — phase  particles  'formed  doling  ageing  fn  !  on)  ria  .  i 
let  ■: 'nn.it  ion  and  thermally  a  :  tiv.ir.ed  dislocating  kinetics  core  i  nv.,='  i  c  it  J  m 
f  t>  5  at. Z  Mo  (u+3 )  and  Ti  -  15,2  at  »  Mo  .-  alloys  Hte  ro.—  i!  s  wet  c  c  i  a  i " .  i 
ip  ;  be  f  t  antes  of  thermally  a,  ti  rated  overcoming  of  ox'.gen  intm-d  iti  i.  -  by 
fi  is  fo.  at  ions  f;ie  ei'oc*  of  compos  .u  ior>  ar.d  boat  iri-.un  ic  -  m 
-X  i., .ni  al  propur  .  i  oi  vano'i.i  Ii  alloys  :  ru  ‘  ltd  ;  r,v;  I  l-M.s  all:'.-  ^  c 

[  i  2  .  -t  l  ,  6C  I  L>  was  show  \  o  ’  s  1  o  .  t  ,  on  may  bvpnm  t  l«:  ■  1  - 

i:.d  :t  'lie  amount  o'  ..-pliast  •  35  ,  '  a  -e  h  •  ■  very  .  ;  i  i  , e  :  o  in. 

-  •  turqrh  and  Jncflitv  In  [  6  h  '  the  do  l  ...  i  m  a  ■  tv  n  o-  !no  i.  l.-M 

•'it!'  and  .  —  i  'ha e  s  was  iiivc.-'  1  >,a  t  «*il  ,v  f  '<v  a-  n..-  .  .  --  •  d-  ■  is'  •  ; 

'hi'  ,  in.-  density  c-t  -paiticies  In-  i  e  e-,-; .-  wi'mc.  the  aid  :  :n 

j  - .  ..  1  i  oy  s  ct  phase  set  vc---  ts  ->  •  t.t-  k  irr<  -ret  ’  a  i  .  t  n.  t  .  t  i  v.u  , 
u.  I  or  mac  ion  oi  ptec  tpit.it  i  'n  i-ar’ened  -  t  (st'V  ,  c  .  i  .  -  -mg'  r\  -  i ..  i  - 

i-  i  epot  -Cii  ani'  [6']  lepor.s  •  m-  -tfo.'-  v  :  „  e-c.-nd  ph  e-.  l:-n  r-.-m^ 

'  *n  del  orm.it ion  behavior  of  I  rrc  a"  !•  ,-f  vat  i  n  ite.it  t  n  ,ua  c; 

otic  restructure,  curves  and  fra.  i  • .  r  >  t.o-  ,  pines-  m  .  :  ,.-t  in.-  -1.  Me 
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was  studied  in  fo8  i  It.  was  found  that  pre«.i.pi.tat  1  an  ;c  .urs  cn  -  par  1 ic 
result  mg  m  a  ve  t  v  fine  distr  ibu*  ton  of  the  .»  phase  wit  ’>  iucrvui-ea  .-crength 
and  good  t  ra.ruro  toughness  a;  'on.pan  Ltd  by  limited  dutt.il  it;, 

1  !i  i  -  it_se.ii  !i  .sruJieu  t  •  inf'ntno  : -.mpi  s  :t  ion  and  pha.-e  ..  vxpoait  i-;>i , 

t  bt  .iiiud  i.-  a  result  cl  high  pressure  treatment  and  ot  h.-.u  treatment  o: 

■  t  :>  i  -  p  hed  sasaniis  on  the  mechani* al  nr  open  i«.s  ■'  f ;  -Mo  tl  loy» 

!iu.  •  i.  .t :  •  ■  i.  ,  onuut  ted  in  compression  on  an  Ins  iron  t  •  -ting  ts tune  i  r.cou  ;  .  w 

he  '  .  e 1  1  a'/es,,  :  ,  was  defined  by  a  defie.rion  of  Ac  :  tr  rf...  .  i 

;  ....  Fin  j  imep.s  i  one  of  the  sample;  use'1  in  the  e  :p-  i  i.r-'ntt  w-.-i  ••  >  min  Mm:'' 

..  3  r:c,  a  la  providing  high  pressure  i  ten  me>-:  jp  ro  9  0  <;?&  :  i  'he  '  it.g 
.  •i.-.-'.o  .ell,  dost  r  ibcd  in  3  ’  The  cross  'head  speeds  used  were  >  -  Mr,,  min 

u'd  -  50^m/inin  providing  strain  rotes-  iff  '  -  10  < and  :0  -  s  -  or  rtsi  ondmgly 
In  iig.18  the  yield  st  i  ,  0V,  ohta .  r.ed  at  '  -  10  /  s  ;  -  shewn  rn 

dependence  on  compos  1 1  i  on  for.  T  l-M  j  alloy;-,  afcc-t  vuious  t  re  a  t  rra  •  ■’  s  :  a  -  -q  as  re.  lieu 
r.uie:v.hed  +  high  pressure  treatment.  9  0  Gl'a,  2  hot  r;  and  -,p.ien  nee  ->•  mpeai--d 
for  '1  hours  at  3S0-38C  'C  A'i  these  i  t .  a  -  moms  were  j  ilea  i  rr  an.  >o- 
atpj'Jtur-.  invest  igut  ic.  n  using  :  LM  and  X-ta\  ane  lys  ia  a-  ;  •;  p  :  t ..  d  m  [  >  •.->  ions 
se  t  i •  na  As  ii  nay  be  seen  Iron  Fig  16  the  .  ->;e ® f  0  :n  as  tits  n  !•  d  -.iT.pits 
i-  cheu-rvfi  fer  Ii-^Mo  alloy.  And  t--r  the  same  .  i  :  ov  the  highest  j  h- 
bst ;  »>.-d  •  i  t  -.  r  h  j  gu  p-essnre  t  vc-itmeut  and  -inu  ,.nvn  .*•«  '  :g  pi  A<,n'  - 

I  o  s  t  t  •?  as-s  t  r  a  m  •;nrvts  it  r  Ti-8Mo  Icy  s>  cuter  •••■•  t  i  :  ri-um  may 

be  s-Ai-n  tn.it  fer  as  quenched  sample- ;  the  str  rir  he  rdt  :t  r ir  ..  ,.-c  «ppi  <■'.  lahiy 
"w,  i  than  for  nigh  pressure  c:.  '••tar  t  ree.t  ed  samples  el-:  nil  .u 

10  */  -  was  by  218,'.  higher  titan  that  obtained  a-  •  M>  i-'i  t  >  j  : 

ompes  it  ions  alter  various  rrc-Jiments  quit,  h  ipt,  nlj.-.i:  -h  l  orm.it  u-n.  c  x-  et-o  •  ng 
l  53  was  obtained,  the  main  1  imtt.Jt  ior.  being  el.usti  :  i. ab  i  1  •  ■  ;  at  plast  ;•  a  1  .  v 
deformed  samples  According  tr  the  result  of  X-tas  end  I’ict' r  -rr  tnn  msn'pe 
analysis  of  phase  content,  presented  in  Table  1,  a  1  low  with  uii  amount  _-! 
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C sec  Tab  'e  1 )  but  the  o  of  •  lit-  lasr  ones  is  almost  twi  e  as  '■> .  ah  as 

•  hat  el  the  first  ones.  the  difference  was  toi.r.d  tu  i  T.  •  dimensions  o' 

,  pnase  pan.it  les.  that  were  observed  ns  large  disks  with  i  50-600  A  u  »a 
in  aged  samples,  rM'l  -  300  \  .  n  for  high  pres  sure  t  r«.v  .  <-d  compl.-s  -,.-d  \ .  ry 
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on  u  parti,  les  as  in  [68J  the  renditions  tor  furl:  nu.  Icatioit  may  not 
be  the  same  lor  very  smai  i  wee  ipitates  in  at  que-n'hed  s  triplet  and  tor 
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<1  islet.,  it  i  or  st  rue  tun  may  he  eliminated  f(j9  j  1’relimintry  results  on 
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♦  i  oru  !  us  ions 

1'  The  metastable  T-C  and  I-P  phase  diagrams  at  I'i-Mo  and  Ti-V  allots 

«!?'e  calculated  using  Kaurman's  regular  solution  apprn.a,  h  and  the  uxper  mental 
data  obtained  in  the  present  work.  Ine  ;  al  ..ulated  phase  diagrams  arc  m 
sat  is  tar  tory  agreement  wirli  the  structural  data  obtained.  These  give 
also  useful  directory  for  prediction  of  phases  appear ant  e.M  * ^appearance  under 
changing  temperature  and  pressure  conditions 

!'  Lr  metast able  Ti-Mo  and  Ti-V  alloys  considerable  amounts  of  the  w  phase 

iii  he  formed  at.  elevated  pressures  and  remain  at  atmospheric  pressure.  The 
and  $♦•»’  high  pressure  transitions  were  observed  1  it  si  in  Ti -based  alloys, 
i'.e  new  crystal  stru-  tures,  which  have  not  been  obtained  after  conventional 
treatment,  were  produced  by  high  pressure  application  ar  3Q0K  The  substantial 
changes  in  ,  phase  morphology  occur  in  n-V  al levs  being  subjected  to  nigh 
pressure, 

V>  The  effect  of  high  pressure  was  compare  i  with  the  ini  lucr  e  cl  <■  i  l  •.  \ 

;..'n  tent  rat  ion  on  metastable  d  ;  f  .’us  ton  less  equilibria  m  I  i-Mo  and  Tt  -  V  system® 
A.»  fue  .  on  tent  .  f  Mo/''  increases,,  r!,e  pressui  izmg  and  al  loving  1 1 1  cc  !  -  start 
.1  tiny  m  opposite  dire.t  ions;  pcessur  .?  ing,  in  contrast  to  ai  1.-;.  mg,  reduces 
i  ,e  .•  ...  abil’tv  and  stimulates  the  and  •  trens'  rro.  urn. 

hi  •  ■  !  edge meat 

R-c  authors  wish  to  expects  tnoiv  deep  p.rat  itu-'t'  :  o  !'■■:  1  !>.••  id  >  *n, 

!)r  1  Kendal  1 ,  C  Homan  and  h.  •  renkf  I  1  bonnet  Weapon  i  ;-.i  ,  i  Water  vl  let. 

Ai  anal  ior  their  encouragement,  support  and  warm  iio^p  i  t.,  1  :  t  v  d.ur  rnt;  the 
;it  o  jec  t  . 

Io  Dr,  R.  Weiss,  wb.o  helped  na  to  ost  ibl  isi>  put  <.  nai  •  ut  a  •  ,ith 
the  European  Office  of  the  USA  Army;  and  to  Dr  R  i.  nat  t ; .  no  ?:  t  no  Arm-. 

Reseat  c  h  Office  in  Europe  for  his  support  >nd‘warti.  re-cp:  iin  in  i  end  n 
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Appendix  I 

THE  STRUCTURAL  STABILITY  AND  SUPERCONDUCTIVITY 
OF  n-Mo  ALLOYS  UNDER  PRESSURE* 

The  Influence  of  hydrostatic  pressure  on  the  transition  temperature  to 

superconductivity  T  was  studied  on  Ti-Mo  alloys  with  3-35  at%  Mo  up  to  about 

9  5  OPa.  The  pressure  effect  on  T  is  positive,  i,e.  T  increases  under 

pressure  The  effect  becomes  smaller  with  increasing  Me  concentration  and 

vanishes  for  Ti-.Mo-..  The  results  can  be  understood  by  the  increasing 
oo  jo  • 

instability  of  the  metastahle  alloys  under  pressure. 

L  !  ntrod uc  t ion 

in  tie  past  the  high  pressure  behaviour  of  ,  the  transition  temperature 
to  superconductivity,  has  been  studied  for  several  transition  metal  alloys 
All  the  investigated  alLovs  ( ! i— V ,  V-Cr,  Zr-Nb,  Nb-Mo,  Hf-Ta,  Ta-W) [72,73,74] 
were  continuous  solid  solutions  between  neighbouring  elements  in  the  bco- 
.struc  tore  (.3- phase  structure). 

Considering  the  change  oi  T  due  to  alloying  or  t'  applying  luge.  piessure. 

a  v  oi  relation  was  found  between  i  bailees  in  T  and  chanees  of  t  he  electron  Je.. 

c 

of  siates  at  the  Fermi-level  nt  P.  >  T’oi  these  systems  application  cf  pressure 
w.»s  always  at  least,  qualitatively  equiv  lient  to  adding  eie  irons  to  the  -undue t  i  cn 
land  by  alloying.  Using  rhis  condition  it  was  possible  to  predict  'in 
sign  of  the  pressure  effect  dT  dp  knowing  the  data  tor  n',E  )  and  1  as  functions 

C  r  C 

or  the  valence  electron  number  n  in  each  particular  system.  In  all  all.evs 

mentioned  above  the  pressure  effect  is  positive  (bl  /dp  -  0)  li  the  density  of 

states  n(E-)  increases  with  increasing  n  and  vue  versa. 

F  i  v 

A 

I'his  part  was  done  in  Physical  Institute  of  the  Unlve’Sitv  Karlsrune, 

W.  Germany.  A  Rab inkin  took  pa r t i o i pane e  in  this  parr  together  with 
H.  Scherev,  D .  Kohnlein  and  W  Bucket.  The  samples  studied  in  Re 


were  used. 


In  this  paoer  the  higl)  pressure  experiments  are  ex' endec  Lo  Ti-Mo  allocs 
Ii  and  Mo  are  not  neighboring  and  not  even  situated  in  the  same  row  ot  the 
Periodic  Table  This  system  was  chosen  since  a  series  ot  <  aretol  studies 
on  Ti-Mo  allots  all  eadv  exists  [75,  ’6]  and  sin.  e  -  ht  s.amnles  useu  to.  the 
j  ressure  experiments  have  been  extensively  characterized  with  regard  to  their 
s t ru-  ture  in  Set  i . 


f 

i  and 

Mo 

have  very  u 

1 1  it! 

i  "t  ..toiiiic  r  ad  l  >  tr  .t 

3+  -  U. 76  A;  i v  6+  -  0.62 

r\v 

6  *■  ~ 

!  1.6? 

,0  . 

Ther  et  ore 

in  -x 

rough  approximation. 

one  could  expect  t. Ira t 

\  I  1 

•  v  ink* 

Mo  a 

u.  t  s 

-is  ; .  i  e  s  u  •  e 

i  A  c* 

decreasing  the  latt 

ice  an.-tant.  Also  the 

val 

on 

el.  t 

t  .u; 

number  r.  _  i 

s  in 

leased  tv,  adding  M  t 

o  i  i  .  A.s  a  result  of  the 

lm  r 

:  '  .  t 

t  xpt- 1 

:  illo 

•its  'ce  know 

t  ii.j  t 

it,  :  .‘jaing  n  1 •  a 

r responds  la  the  jpplicut 

01 

pr  tSa 

r  e , 

Si 

act  the  eie<. 

L  i  on 

density  of  --tit?:,  u ( if 

.  I  in  :  t  hr  c  all  oys 

ftir  tore  ot  i  i  -'•••>  hi,  been  i  oun.i  hv  lie  and  Colling:;  |  75'  to  decrease  none  - 
t  •.nival  1  v  will  increasing  M  .  -cent  ent  a  negut  ive  press-  ,e  effect  idl  Cjp  •  0) 


v.-id  be  expected  from  the  earlier  experiments  ;  or  alloys  with  Mo  ■>_  '6%, 

!;  was  the  arm  ot  th"  pi  ?*sirt.  work  to  measur.  r'v.  1  <p) -dependence  of 


i  :  -  v.o*-<j  1  i  o/s 

and  t  die.  t.  want  her 

t  lie  •-  r  >  e  1  a  '•  •  •  u  1 1  . 

’id  :  ;■  i  J  * ' v oi 

n,  lg!.t:c r  in-1 

transition  el  erne n t  s  a ' 

1  to  holds  Cur  sut. h  a 

mo r  t  com p !  e  >.  s  vs  t  em . 

Tins 

is  apparent  1 

y  not  t  ite  case, 

1  I  .  Samp  1  £;> 

anu  rhei:  strurtuir 

The  details  ot  sample  preparation  and  r  he  Jes.ription  of  their  sfucture 
m  the  as  queue  he- 1  sr..-io  and  after  pressure  *  ( eat  ir.cn  t  :  •  discussed  iu  Sec  I 
Here  only  a  lew  results  should  bt  quite  brief!'  merit  icn—.i .  At 


sut  t  i  .  i ent  1  v  high  tempera turts  a1  l  Ti-Mo-..  Hoys  are  .-mg it-  pi. .it  c  her.  ( .• -phase  I 
On  quenching  .alloys  from  the  o-Medl  to  rcon  temper, at  me  ..  sequen  .  !  non- 

equi  libitum  structures  appears .  from  a  si ru-  *  ur  a  i  p  in  si  view,  ail  samples 
should  be  classified  into  three  groups: 


I.  '  j-1 3  at"'  Mo:  The  sa-apie  <  i  nsists  of  a  mixture  of  B-nhase  -  tabi Lx/ed 

s>v  tiii*  quenching  a  ad  rather  linelv  dispersed  •.■.■-phase. 

c)  I  S  .  '  Mo:  t1:'  r-hu-.e  can  be.  lienee  l.es.’. 

.  Vner.ii  lv,  h  •.;•!:  pressure  favours  the.  formation  of  the  u-puase. 

i.’ith  toward  co  supe-uondut  tivitv,  cue  concentration  dependent,  as  ■:>: 
and  determined  >y  Col?,  tape  et  rl.  ;  76]  are  esn-.nt  iai  ( ito  S^-u . ; , 

:  i.»  i  S  > ,  for  the  3-phase  a  nono-onic  dec:  ease  or  n(E..)  has  seen  ttevi.  In 
•  i.->  concentration  i  angr  c„  '  .18  at!'.  ;h.  ,  where  oulv  rhn  phase  cn.-ts  in  a 
a  -  ;dur  with  the  «u- phase,  t  he  density  v.  states  n(E,  ;  has  beer.  .  si.culart-d  f  or 

’’ .  i  r  e  ii"  ,-piiHse  - 

The  t>*rn-»it  ion  temper ot'-.res  mt 'k‘  by  ho  an:  o  j  ]  ;n>jr  are  piven  m 
■  •  .:>  I  '.he  : '  and  V  rtii...r.  a  s  t-rc-'  uiciciss  of  V_  w  h,  i  a  i  ?.•:<.  mg 

'  -  .  -a  .  s:it  r,e  a  liter,  oLserv*.  a  f'.is  inh-'n.  "mem  oi  ."  it-  :  tt  <  •  j f ,  •. 
i  :  ■  nr  lift  ice  d  .later  i  I  .n  rot. Mine  fio::  the  ti„  or:  ou.-i  i  1  t..e  •’  bast,  and 
.a  Misbp  '  ,t>  cKctri  r.-rucr  ■■  <  ■  p '. in.' 

1  bn  I  i.r.  mu  •r.uy  it  t.i.  I  i  r  :. .  *  .  ■!•'  been  •  ;;  lain-.!  ■  '  ’  • 

■a  •  •Ti  r  of  a  so.  ei  I  •»•  .  ..r  urn  .  ..'.j  rr.  t.o  1 .  '■  ••  ' :  .  *  :  -  ’  nr 

..  ;  .  r.i  1  •  di  •-,>•••  soil  -  :)••».-  o  nl-i  t  -1-  i  in  ,..r.  e  •  rr :  .•  .  a 

ae  -  ’  •'■•  i  i .  ;  r'-.t-  phi.  ■ '  i •  :  .  <  •.,  •»•■-■  .  •  ir.  i  :  :  .•  n  .)•  in¬ 

i'  ,  .  a :.  ;  ' r  | 

bx;.  r  inert ai  .e'^ih 

I  a-:  1  -ii'easuremeiit  ■,  a!  :  ikl.  c- sure  v,?rc  :  t  :  t  •:  ■*  >  •.’*  <_  p.  .•'■.lonl 

lire  toed  o.iiLior  [’/,  7ft ’.  So  ic-r  ‘e  ce!  ! with  j-te.it  t  •  •  i<  p-os  -u:  o 

;  n,iu  i  ♦.  t  mg  medium  were  ;.t .  ..  V  trip  :.i  ,tr>  iu'crn.ii  cr  \  : 

lit  iv>  plated  int<  the  |  tv.iiui  .  it-!!  t  '..‘-the:  with  CP--  .a 1  J  .  y  >■' 

pressure  inside  the  re'  l  ■  >'r  maned  i  in?  t  )u.  1  (’>>••)<  per.!  on-  •.  •" 

a  I  i  hi  tied  hv  Ki<h '"i  nr  Wit'  .  '  •  "<  i 

'  1  ■  |  ■  .  i,  ibr.il  i  r,  b  a  to  he  •-. .  i  1  t  ■••:  .>  -  r  •' wh.-il  '  v,  ,  a  ■  ...  i  ■  ■ 

r  (  .  i  '  :  I  l’l  t  I  .f  !u"  ' 


li.  wer  i-r  tills  .  uire.  t.  i.>a  1 


■  f  ill  i  a  1  ‘  ■  i 


Of  course,  some  pressure  variation  from  tiie  center  co  the  periphery 


of  the  ceil  always  exists  within  solid  state  cells.  However,  since  the 
transition  curves  under  pressure  have  almost  the  same  sharpness  as  those 
at  normal  pressure  (see  fig.  22a)  one  may  conclude  that  this  pressure  variation 

l 

does  not  very  much  influence  the  result.  1 

The  electrical  resistances  of  the  alloys  sample  and  the  Pb-manometer 
were  measured  by  the  four  probe  method.  It  has  tc  be  mentioned  that  this 
technique  is  especially  sensitive  to  areas  with  high  since  a  single 
super  endue  ting  path  can  shor  r.-c  ircuit  the  whole  sample. 

A  calibrated  Allen-Bradlev  carbon  resistor  was  used  lor  measuring  the 
temper  iture . 

All  step-by-step  loadings  of  samples  were  done  only  at  room  temperature. 

This  was  necessary  since  one  knows  from  earlier  experiments  that  lattice 

defects  can  stronglv  influence  r  when  they  are  induced  bv  deformations  at  low 

c 

tcmperacures .  However,  these  detects  disappear  almost  completely  by  annealing 
processes  at  room  temperature  (80], 

1 V  Results  and  discussion 

Tig.  21  gives  the  transition  temperatures  of  our  samples  measured  at 

normal  pressure  (x) .  1  is  defined  as  the  value  tor  X ( T  W K  -  0. S  (R  -  residual 

c  n  n 

resistance),  Fcr  comparison,  the  T  -values  of  ilo  and  I  ting.-.  (23]  are.  also 

plotted  versus  the  Mo-concent  ra t ion .  For  c.,  all  samples  exlijim  somewhat 

higher  V  -values  than  those  of  [ / 5 ]  determined  in  calorimeter.  tills  can  be 

easily  explained  by  the  fact  that,  resistance  measurements  with  a  four  probe 

technique  over-estimates  the  high  T^_  areas  within  the  sample.  A  lather  low 

1  has  been  observed  for  the  Ti  +  3%  Mo  sample.  However,  in  this  concent  ration 
c 

range  T^  strongly  depends  on  the  crystal  structure  and  especially  on  the 
volume  fractions  of  a*  and  a". 


Therefore,  somewhat  different  quenching  conditions  _juld  be  responsible 
for  the  lower  T  of  our  Ti  +  3%  sample.  The  transition  curve  of  this  samp i e 
exhibits  a  distinct  step.  A  small  part  of  the  sample  already  becomes  super¬ 
conducting  at  1.9  tC  (marked  by  the  bar  rn  fig.  21). 

In  fig.  22a  the  normalized  resistance  R(T)/K  of  a  Ti  +  11.51  Mo -sample 
at  different  pressures  is  plotted  versus  the  temperature  The  transition 
temperature  is  increased  by  pressure.  With  the  exception  of  the  transition 
at  1,4  GPa*  the  width  of  the  transition  curves  is  not  very  rnu.h  changed  b> 
pressure  proving  the  sufficient  homogeneity  of  the  pressure  within  the  ceii. 

!'ig,  22b  shows  the  transition  temperature  of  this  sample  as  a  function  of 
pressure.  The  increase  of  T  with  pressure  is  a’njo&t  linear  within  the  used 
pressure  range.  This  iineanty  was  observed  for  all  samples. 

In  fig  23  the  pressure  effect  dlnT  /dp  for  the  various  uiiors  r  plotted 
versus  the  Mo-concentration.  Also  the  valence  electron  to  atom  i  tic  is 
given  on  lop  of  the  drawing. 

The  pressure  effect  dlnf  /dp  is  rather  Large  for  the  3  M<  -allov.  inis 
alloy  consists  oi  a  mixture  M  i’-  a  ad  n"-pi  use 

It  seems  reasonable  to  compare  this  value  with  the  press.,:  e  efiect  of 

pure  Ti  in  the  1- phase.  Brandt  and  Gin&lurg  [81  j  reported  'allies  >.>  d  «n  I  /dp 

-11  -  -1  ! 

tor  Ti  as  high  as  20*10  /  Pa.  Cur  value  o:  12*  i0  /  I’a  1  oi  1  i  -  1  >!.< 

fits  sat  1st  ac  tor  i  1  v  to  this  t  esult .  la  understand  *  he  rather  pressure 

effort  one  could  argue  that  the  formation  of  the  j.-pnaso  under  |.-rt  ."Utf 
demonstrates  an  increasing  tender,  v  of  the  »'  -  ."'mixture  to  I  e-  're  .ms’  .He 

under  pressure  and  that  this  increasing  fnsrul  i  .  i  t.  v  cause'  an  onhan  enent  ct  1  . 

For  all  other  alleys  we  ear  assume  that  the  transit  ion  temper at  ure  at 
normal  pressure  and  at  elevated  pressures  lelongs  to  the-  :  -pbn-e  Ine  press- «ro 
★ 

At  low  pressure  it  is  somewhat  questionable  whet  per  pureiv  hvdi  .  st.mii 


conditions  could  be  achieved. 


effect  expressed  by  dlnT^/dp  exhibits  only  small  variation  and  is  positive 

over  the  whole  concentration  range  up  to  35  at.%  Mo  (n^  =  4.7).  The  relevant 

date  are  collected  in  Table  3.  This  result  does  not  agree  with  the  correlation 

between  pressure  and  alloying  found  for  alloys  consisting  of  neighboring 

elements  [73,74],  According  to  this  correlation  one  expects  a  negative 

pressure  effect  for  concentration  ranges  where  n(Er)  and  T  decreases  with 

r  C 

increasing  valence  electron  numbe.r  n^.  The  Ti-Mo  alloys  apparently  behave 
differently  and  show  a  positive  pressure  effect. 

An  obvious  possible  explanation  of  the  positive  pressure  effect 
is  based  on  the  stability  of  P-phase.  In  fact,  the  r'-phase  becomes  less  stable 
under  pressure.  As  a  result  the  3-phase  is  transformed  to  the  u-piiase  which 
i  an  he  detected  by  electron  microscope  analysis,  a:  least  for  g  •  33  at.'-'. 

An  ir.t  raising  tendency  to  become  unstable  under  high  pressure  enhances  the 
electron-phonon  interaction  and  this  may  also  enhance  T..  This  eitect 
perhaps  can  outweigh  the  influence  of  the  change  in  the  electron  s vs terns •  As 
war.  discussed  in  Sec. j.  3. 4  the  stability  of  the  P— phase  increases  with  Me  con- 
i one  rat  ion.  Therefore  the  pressure  effect  decreases  und  at  35  '  Mo  it  is 
a'iTkjst  ?ero.  At  this  concentration  and  at  pressure  up  to  1  (’  n’a  the  allot  is 
t  a  r  lwav  from  the  critical  pressure  for  which  tne  y  •  .  t  ran-- f  orm.it  ion  starts 
(see  t  ig.  4  in  sec.  21.  It  is  not  unlikely  that  an  additional  peak  in  the 
nff'p)  curve  can  exist  in  this  concentration  range  and  t  .•••«  r!  !  *  .  i  on 

din1  dp  despite  tb.e  tact  that  at  cording  to  He  »nd  Cel  lings  then--  i>,  on  1  v 
mo  no  ton  it  decrease  in  n(E(.) .  bp  to  now'  they  have  measured  it  on  allots  with 
rather  large  differences  in  concentration. 

Die  tendency  of  the  lattice  to  become  unstable  at  high  pressure 
mav  also  influence  the  pressure  effect  of  the  sample  consisting  ut  and 

(’’-phase.  Here  the  stability  of  the  'x'  (Or") -phases  decreases  under  pressure. 


Simultaneously  the  steep  Increase 


in  n(F  )  verv 
P 


1  ike! v  takes  place  as  a  result 


of  a  decrease  in  interatomic  distances. 
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The  pressure  effect  seems  to  pass  a  flat  minimum  at  about  12  at. %  Mo. 
Since  the  samples  consist  of  w-  and  6-phase  in  this  concentration  range  the 
low  pressure  effect  in  the  sample  with  11.5  at.%  Mo  could  be  due  to  a  special 
structure  of  the  sample  accidentally  achieved.  However,  the  quantity  of 
-o-phase  is  not  substantial  enough  to  decrease  so  strongly.  Locking  to 
fig.  4  of  Sec.  2,  one  notices  that  the  sample  with  11.5  at.%  Mo  lies  just 
Detween  the  critical  pressures  P01  a  and  P^"*10.  At  present  one  can  onlv  point 
to  this  fact  without  giving  any  further  explanation. 
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3.2.  Experimental  Results 

The  characteristic  electron  dii fraction  pattern,  whicn  consists  ct 
c  phase  reflections  imposed  on  reflections  of  the  a  matrix,  appears  in 
annealed  pure  Zr  which  has  either  cooled  down  to  ZOOK  at  1  arm  or  pre -.  surized 
at  1.0  HPa.  All  other  sampLes  which  were  subjected  to  higher  pressures  or 
were  cooled  to  lower  temperatures  also  demonstrated  the  presence  oi  the 
...  phase.  The  Lower  the  temperature  or  the  higher  the  pressure  the  larger  was 
the  amount  of  a.  observed  [84  J. 

I  tie  u.  phase  was  also  repealed  in  cold  rolled  specimens. 

lire  increase  in  volume  fraction  of  me  .  pause  with  increasing  driving 
i tree  is  associated  with  an  increase  in  both  the  particle  size  and  number  ct 
particles  .  It  has  to  be  pointed  out  that  the  •:  bar  ac  t  eri  st  i  -  lines  on  X-ray 
dii'f  r  aerograms  appear  only  when  applied  pressure  exceeds  a  ,  5  r.J’a.  besides, 
when  pressuriz ing  a-Zr  the  slope  of  resistivity  curve  changes  substantially 
only  in  the  vicinity  of  4.0  OP a  that  is  in  agreement  with  dur  :  ol  [6,29} 

3.3.  Discussion 

On  the  basis  of.  tire-  -.hove  ment  lined  resnl*  *  the  .  directed  (tot  lew  temper 
litre)  1  -n-aqui  i  ibr  ium  phase  diagram  ct  zir  or- :  t.tr.  wj.-  ••  e-nst  tutted  taking  into 
account  data  from  .si  (6,3,85}  (tig,!-'*)-  Hie  posit  t..te-  oi  •  t  •*  lit,  ~  Tf.  ", 
wht.ii  is  where  the  a\.  phase  ■:  r  ansi  or  mat  ion  starts,  and  t  he  !  ine  f.‘ 

which  is  where  cite  rover  t  ran::- format  ic  v  stares,  were  i  st ...  it  1  uoo  tno  r  >■ 

i  orrectly ,  On  the  c  t  her  hand  t!  c  pcs**  ions  of  lines  1  '  and  .  (  ,  who;...  I  he 
phase  transfer  mat  ions  are  completes,  were  nice  cl  i  f !  .* «.  u  i  t  i  o  ectermino  ai.d 
.some  uncertainty  remains,  concerning  their  precise  positrons .  This  uncertain! v 
arises  since  after  prern.-urjz  aig  at  1’  -  10  f-P.i  and  :» * .  pi.;:  -  e  t  r.uis  i  t  i  c  n  w  >  - 
still  not  completed  and  the  remaining  T  phase  'on  Id  bo  l I f..  i . v  observed  in 
the  elec  t  ron  microscope  even  though  in  this  case  X-v...  imiivst-  tail  c-ti  t  ' 


detect  the  presence  of  the  :<  piia.se  - 


The  main  conclusion  which  can  be  drawn  from  the  corrected  T-P  phase 


diagrams  constructed  in  this  work  is  that  the  „j  phase  in  pure  Zr  is  a  staple 


phase  at  ambient  pressure  at  temperatures  less  than  \  200K.  The  corrected 
value  of  dT/f^Vd p  is  equal  to  116K/CPa.  Since  -  -0.180  um^/raol  l he 

entropy  difference  AS^^= -1. 67J/mcl*K.  From  the  positions  of  the  lines  T^ 
and  l'g  ^  and  taking  into  account  the  value  of  it  is  easy  now  to  evaluate 

the  activation  energy  AF^  necessary  to  initiate  the  a-*xu  transformation. 

Thus  ior  a  temperature  of  300K  we  obtain: 

^act’300K  =  x  0^  ”  -  223  J/mol  and  the  activation  energy  at 


i  atm.  AF"  u  =217  J/mol 

act'.!  ntra 

It  can  be  seen  that  these  values  are  practically  equal  and  rather  small.  The 
small  value  of  AF  ^  confirms  our  suggestion  that  the  a-’v  lattice  reconscructicn 
proceeds  as  an  ordered  displacement  of  close-packed  *■'  1 210-*  atomic  rows  ever  a 
short  distance  requiring  a  rather  lotr  activation  energy.  Such  an  ordering 
process,  by  analogy  with  the  ?.  *u)  transformation,  might  occur  through  two 
su: vtssive  stages  -  first,  creation  of  linear  1210  •  defects  and,  than,  their 
periodica!  ordering.  Both  stages  must  proceed  through  individual  fluctuation 
processes  which  therefore  would  be  reflected  in  the  detailed  isothermal  or 
isobar ic  kinetics.  Indeed,  an  increase  in  the  amount  of  .e  phase  with  time  wax 
ob  served  nejr  room  temperature  at  constant  ptsaure  f  6 ] .  We  also  observed  an 
;  nt  tease  m  t  he  amount  ot  the  ...  phase  in  un  v*  matrix  when  specimens  were  exposed 
at  a  temperature  of  77K  at  1  atm. 

Analysis  of  the  data  of  Fisher  et  ai  [27]  on  elastic  moduli  behaviour 


i or  tingle  crystal  Zr  at  various  temperature  shows  that  a  slight  positive 


deviation  from  linear  dependence  of  moduli  Ch  ^  take.;  place  below  300K.  tin  th 
oasis  ot  our  t  cal  data  we  nay  suppose  that  the  formation  o'  the 

phase  is  responsible  for  such  abnormal  be’naviour  of  tlie  moduli  r,  ,  . 


A 


Analysis  of  the  data  ot  Fisher  et  al  [27]  on  elastic  moduli  behaviour 
for  single  crystal  Zr  at  various  temperatures  shows  that  a  slight  positive 
deviation  from  linear  dependence  of  moduli  C,^  takes  place  below  300K.  On  the 
basis  or  our  experimental  data  we  may  suppose  that  the  formation  of  the 
tu  phase  is  responsible  for  such  abnormal  behaviour  of  the  moduli  C,^. 

The  appearance  of  the  e  phase  in  a-Zr  after  cold  rolling  can  also  be 
internreted  in  terms  of  stability  at  room  temperature.  In  those  materials 
where  denser  phases  appear  under  uniform  high  pressure,  both  cold  rolling  and 
compression  indu,  e  the  same  phases.  The  calculations  show  that  the  driving 
forr e  developed  hv  deformation  is  of  the  same  order  as  driving  iorce  developed 
high  pressure.  Therefore  cold  rolling  is  sufficient  to  initiate  the  cm. 
t > a ns i t i on , 

It  follows  from  our  experimental  results  tnat  the  transformation  enthalpy 

AH.]]  '  is  equal  to  -553  J/mol*,  which  is  ratner  small.  Thus,  the  increase  in  the 

driving  force  fc  •  cooling  at  4K  is  also  small.  Therefore,  in  spite  of.  the 

/ \ 

tact  that  the.  activation  energy  is  also  small  (.11'  ,  =  220  h'tso'  1  ,  the  an  trans¬ 
formation  process  should  nor  he  completed  even  after  such  marked  cooling-  Hence 
tire  phase,  while  thermodynamical  ly  stable  at  1*1  O'*  Pa  and  1  It  -s  than  dOOn ,  is 
present  only  •  n  small  amounts  even  after  drastic  .uolmg. 

At  the  present  time  tire  onf.v  phenomenon  which  we  cannrt  yet  explain  is 
that  even  when  trie  pressure  is  very  high  and  the  driving  for.e  I',  -  :a  5  t  im os 
greater  than  the  activation  harrier  the  transform,  it  m  ns  do  no*  on.o  to  comp  lot  ion . 
However ,  it  is  ’loat  that  the  elastic,  energy  hairier  is  not  s>tf  f  l  .  dent  to 
prevent  the  trans format  ion  process,  because  the  volume  changes  which  occur  in 
the  ■  ourse  of  the  transformation  are  small. 

We  have  to  mention  in  this  point  that  we  failed  to  observe  lit  I  EM  trie  in 


■  -1.67  . 1  / mo  1  K 


Pg  in  a-Ti  is  substantially  higher  than  that  for  Zr  in  accordance  with 
numerous  literature  data.  Also,  the  titanium  sponge  which  was  used  by  us 
was  not  of  spectroscopic.al  purity  as  Zr  and  might  be  more  contaminated  bv 
minor  impurities  and  that  has  affected  the  ot-nu  transformation  kinetic. 
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Computed  l()-x  Diagram  i  or  Ti-Mo  All  oys  at  One  Atmosphere 
based  on  liquations  (20),  (23)  and  (24). 
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The  volume  of  h.p  and  Mnega  Titanium  and  the  volume  different’ 
alpha  minus  omega  for  Titanium  as  a  function  of  pressure  at 
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Computed  'i  -x  im.d.e-metastabie  diffusionless  equilibria) 
Diagram  for  T  i  fanium-Vanadi  um  Alloys  Based  on  Equations 
f'^i  and 


of 


"T" 


SN 


l.R-r 


Of-  s 

\  ' 


100 


r\  L 

U, 


Oh 


b  \e» 

\\ 


A 


A  f  ■ 

Y 

/ 


/ 


/  -80 

/ 


I  C, 


;  a  ~aj\  ^ 


'/ 


H  60 
-q40 


Or 


c 


W 


!  \  ' 


Or— o-  i— a--  “--A- 


/ 

■W  1  ^ 

f  w  'J  )  L 


o 

-Q 

JX 


/ 


0 

0 

Oh 


/ 


exp 


—  20 


T-  300  K 


/ 


LU 

!  * 

to 

I  to 

T40  S 

A  -  3  *p+(jj  a  /  Cl 

•-  ,3‘CU  '  0-60 


□  -  a 


9-  a- 


0 


8  "  *  16 
at  %  V 


»-i3 

24  32 


80 


Computed  BOOK  High  Vressure  m.d.e.  Diagram  for  Ti-V  alloys 
based  on  Equations  ( •'*  ft ')  -(47)  and  Experimental  Results  on  I’hasi 
Stability  >33). 
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The  structure  if  T i  —  3  '  Mo  Alloy. 

a)  TF.M  bright  field  micrograph,  showing  the  romp  lex  martensitic 
structure  in  the  as-quenched  state.  i’  fine  plates  are  seen  in 
region  (A)  big  plates  of  <’  martensite  (li)  divide  the  hulk  of 
what  seems  to  be  <"  martensite. 

b)  TKM  dark  f ioltl  micrograph  showing  the  small  c  phase  particle 
and  dense  dislocation  network  -.side  <’  plates  after  lips  7.S  (IF 

c)  TKM  bright  field  micrograph  .liter  d . 2  MPa. 

d)  Pressure  induced  particles  in  the  dark  field  of  (c). 
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ig.  H.  X-ray  a  i  t’ f  r  1  l  ..s  at  1  i. -Mo  in  tlu  :is-qucndu\I  state 
s  “.i!  C-l'-i. 
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Fin.  The  structure  of  Ti-15  at.'i  Mo  alloy. 

a)  Dark  field  image  and  b)  the  corresponding  electron 
diffraction  pattern  of  the  as-ouenched  state  showing 
a  complex  network  of  diffuse  intensity.  Z.A.:  ''[100]p 
c)  TEM  dark  field  microqraph  and  electron  diffraction 
pattern  after  hps  9.0  GPa.  Z.A.:  [012]p.  d)  TEM  bright 

field  of  tlie  sample  after  hps  20  GPa.  The  pressure- 
induced  ■(’  martensite  plates  are  clearly  shown. 
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•ig.ll  a)  Diffuse  scattering  observed  in  the  electron  diffraction  pa: 

tern  of  the  as-quenched  Ti-lS'l  Mo  alloy,  b)  Paired  Kikuchi  ii;.f. 
observed  in  the  electron  diffraction  pattern  of  the  as -quem  n-  d 
Ti-2b°„  Mo  alloy.  TCM  dark  field  micrographs  of  the  e,  '1  j  -  ;  >  Mm 
and  d)  Ti-2.r>o  Mo  showing  the  particles  of  a- like  ph.e.e  n.  t : 
matrix  alter  bps  4..r>fd’a.  Z.A.  [100]  for  1  1  -  1  s'..  Mo  .,n 
for  T i  JhM  Mo . 
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structure  of  Ti-14  at.".  V.  alloy. 

.!  .  micrograph  of  the  as-qucncht-d  state.  Very  1  in 
■■lie:;  shown  hy  arrows.  h)  ft .  .  of  the  same  sanple 

r  Substantial  arowth  <>t  <-n<*e  lie;,  i. 

r  1  v  seen.  -;)  bark  field  of  the  as-oueneherl  sample 
:i  in  .  reflex.  (Inset  :  .SADI’  with  .  A  .  :  ;  1  1  1  ]  '  . 

of  the  same  sample  after  ) . Dl’a.  ( Inset  :  SAbi 
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The  structure  of  Ti-18  at.0/  V  alloy,  a)  Dark-field  micrograph 
taken  from  as-quenched  state,  b)  Corresponding  electron 
diffraction  pattern,  c)  Dark-field  micrograph  taken  after 
hps  9.2  GPa.  d)  Corresponding  electron  diffraction  pattern. 
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Fig.  The  structure  of  Ti-20  at.t  V  alloy  after  7.5  GPa. 

a)  Dark  field  micrograph  (Inset:  Magnified  circled  place 
(x4) .  (0  phase  particles  in  B-matrix  and  needles  of 

pressure-induced  a  phase  are  clearly  seen,  b)  SADP  of  the 
sample  7.  A.  :  [012  )  a.  4-w  variants  present:  2-with 
f  2  T 16  ]  (jJ  7i.A.  and  2  with  [2312  w  C.A.  which  coincide  with 
,'v  reflections. 
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i’vj.l  Stress,  ,  as  a  !  '-me !:  Ion  c*  eoir.pos  i  t  ion  in 

■  1~Mo  alloys  ,t  .c-r  v.vi  •..«  treatments:  O-q.ienctied ,  i  -quenched  + 
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ia.  Transition  curves  of  Ti  +  11.5  at%  Mo  under  pressure. 


Transition  temperature  of  Ti  +  11.5  atJ-  Mo  as  a  function 
of  pressure. 
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